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The polarization of bremsstrahlung produced by 8.5 MeV electrons 
incident on thin Al, Ag, Au and U targets in a betatron was studied 
with D,O-loaded nuclear emulsions. The Polarization was measured at 
the characteristic emission angle 9@=mc?/E) by observing the azimuthal 
angular distribution of photoprotons from deuterons. 

The results show different energy dependence of polarization for dif- 
ferent elements. For low Z targets the polarization is positive and 
large in the lower energy part of bremsstrahlung spectrum, in qualitative 
agreement with the theoretical calculations. For high Z targets the 
polarization is negative in the higher energy range and positive in the 


lower energy range. 


This reversal of the sign of polarization occurs at 


much lower energies than those expected from the theory. 


Introduction 


§1. 


Photons emitted in the bremsstrahlung pro- 
cess have been known to exhibit polarization. 
The linear polarization of bremsstrahlung, 
P, is defined by 
_ do,—do, 
~ do, +doy 
where do, and do, are the differential cross 
sections for the production of bremsstrahlung 
photons polarized along the directions perpen- 
dicular and parallel respectively, to the emis- 
sion plane given by the directions of the 
photon and the incident electron. These dif- 
ferential cross sections are functions of the 
electron energy E,, the photon energy 2, the 
angle @ between the photon and the incident 
electron and the atomic number Z of the 
target. 

The polarization in non-relativistic brems- 
strahlung was first studied theoretically by 
Sommerfeld’? and was later estimated numeri- 
cally by Kirkpatrick and Wiedmann?). It has 
also been observed in a few experiments”. 
The observed results, however, are not al- 
ways consistent with each other, although 
the most recent one of Kulenkampff et al.” 
is in agreement with Sommerfeld’s theory”. 

The study of the relativistic case has been 
developed recently. A theoretical treatment 
for the relativistic case was first given by 
May and Wick*®, using the method of virtual 
quanta®. Subsequently May® investigated the 
polarization of bremsstrahlung due to electrons 
of Ey 137Z-mc? more (carefully using the 

~ oh w 


i 
oy,» 


Born approximation for the electron wave 
functions and he summed over the directions 
of emergent electrons. According to his calcu- 
lation the maximum polarization occurs at the 
characteristic angle, 9=mc?/E,, where m is 
the electron rest mass. His results are valid 
for complete screening and are applicable to 
E,=16 MeV for a target of very large Z. 
Olsen and Maximon” treated the extreme 
relativistic case including both the Coulomb 
and screening corrections exactly. The final 
results, however, do not differ very much 
from May’s ones. Gluckstern, Hull and 
Breit®) also calculated the differential cross 
sections by the Born approximation procedure. 
Gluckstern and Hull® summed over the direc- 
tion of the emergent electrons. The limit of 
validity of their Born approximation is the 
usual ones in the treatment of the brems- 
strahlung process’”. The low energy limits 
of validity are given by 

(Ze?/k\<1, and (Eyo—mc?)/mc?>(Z/137) . 


Their calculations were carried out without 
screening corrections. They however esti- 
mated the effect of screening, and concluded 
that the results obtained without screening 
were approximately correct as long as In< 
137Z/2mc? and k=mc*. 

The effect of screening was treated more 
accurately by Fronsdal and Uberall!? who 
used the Born approximation and an exponen- 
tial atomic form factor to account for screen- 
ing. Their results do not differ appreciably 
from Gluckstern and Hull’s ones in the inter- 
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mediate electron energy region. 

The first experiment in relativistic energy 
range was performed by Phillips'’?. He used 
a betatron to produce 20 MeV bremsstrahlung 
from a 5mil W target and detected the po- 
larization by observing directions of photo- 
protons from deuterons. The results for 
photons from 6 to 15 MeV were in qualitative 
agreement with the theory. Tzara‘*) also 
performed the experiment using 22 MeV 
bremsstrahlung from a 0.8mil target and 
reported a very high polarization, i.e. do,/doy 
=3.5+0.5. Muirhead and Mather’? examined 
11.5 MeV bremsstrahlung from a 5mil Pt 
target. Their results did not show so 
large polarizations as the theory predicted. 
Dudley, Inman and Kenney'*) examined the 
polarization of 24MeV bremsstrahlung from 
a lmil Al target using a linear accelerator. 
They obtained the following values of polari- 
zation for photons from 4 to 8MeV; 24.2+ 
18195. 32-15% and) 12:34-1022 “at 0=6, 
1.690 and 2.50 respectively. 

Jamnik and Axel'® examined the polariza- 
tion of 15.1MeV gamma rays from 25 MeV 
bremsstrahlung produced with the aid of a 
special betatron doughnut. They observed at 
6=0 asymmetric azimuthal angular distri- 
butions of elastically scattered gamma rays 
from the 15.1MeV level of C!# which had 
been interpreted as M1 transition. For an 
Al target the observed polarization was 
do,/doy=1.530.05 and was in good agree- 
ment with the theoretical prediction. For a 
Pt target, do ,/do,=1.28+0.04, which was 
about 10% lower than the theoretical calcu- 
lation neglecting screening. But according 
to them the screening and Coulomb correc- 
tions are expected to bring the theory into 
agreement with the experiment. 

For 1.0 MeV bremsstrahlung from very thin 
targets (0.43 mg/cm? Au foil and 1.0 mg/cm? 
Al foil), Motz!” observed photon energy de- 
pendence of polarization using Compton effect 
as a polarimeter and found such reversal of 
the sign of polarization as was predicted 
theoretically by Gluckstern-Hull®. The ob- 
served polarization, however, was slightly 
smaller than that of the theory. For Al the 
discrepancy is small, but for Au it is large 
and the energy dependence of polarization is 
similar to that for lower energy electrons. 
Motz and Placious'® also examined the angu- 
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lar dependence of the ‘polarization for 0.5 
MeV bremsstrahlung near the high frequency 
limit and confirmed Gluckstern-Hull’s equa- 
tion”. They extended these experiments for 
several electron energies from 0.05 to 1.0 
MeV", using thin Be, Al, and Au targets. 
The agreement with Gluckstern-Hull’s esti- 
mation is fairly good. 

The present author?) examined the polari- 
zation of 8.5 MeV bremsstrahlung from a 804 
Pt target in a synchrotron. The polarization 
was found to be negative and larger for 
higher energy gamma rays. The energy at 
which the polarization was estimated to be 
zero was 4.7+2 MeV. 

It has been well established from these 
studies that bremsstrahlung produced by about 
20 MeV electrons and also electrons of lower 
energy than 1 MeV is linearly polarized, and 
that the observed polarization is qualitatively 
in good agreement with the theory. But some 
difference in the energy dependences of polari- 
zation observed with Al and Au targets at 1 
MeV suggests that the atomic number de- 
pendence of polarization may be somewhat 
different from the existing theory for low 
energy bremsstrahlung. 

In the present work, the photon energy 
dependences of polarization for 8.5 MeV 
bremsstrahlung produced in thin Al, Ag, Au 
and U targets have been studied at the 
characteristic angle using D2O-loaded plates. 
Since the effects of multiple scattering of 
electrons in targets might be serious, the 
experiments were performed with care at this 
point. Multiple scattering and other effects 
which affect the polarization seriously were 
monitored by observing the bremsstrahlung 
angular distribution which was sensitive to 
such effects. Finally the energy at which 
the reversal of the sign of polarization occurs, 
one of the important parameters in the polari- 
zation of bremsstrahlung, has been discussed. 


§2. Experimental Procedure 
a) Preliminary experiments 

The polarization is known to be strongly 
dependent on the photon emission angle. 
Therefore it is important to keep both the 
oscillation amplitude and the cross section of 
incident electron beam small and also to re- 
duce recirculation of the beam and multiple 
scattering in the target. 
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The experimental arrangement is shown in 
Fig. 1. To intercept electrons scattered in 
the target a beam stopper (Pt 1.5mm thick) 
was placed near the gun which was 15mm 
apart from the stable orbit. The target posi- 
tion was so decided as to give a high intensity 
yield of bremsstrahlung. Jamnik and Axel!® 
investigated the relation between the multiple 
scattering in the target and the position of 
the beam stopper. No such investigation was 
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Fig. 2. Dependence of the beam intensity on 
target position. 
Electron energy: 25MeV. Radius of the beta- 
tron orbit: 232mm. Position of the beam stop- 
per: r=243mm. Target: 1mmx2mm Al 10y 
thick. Full line: bremsstrahlung intensity from 
the target. Broaken line: bremsstrahlung in- 
tensity from the beam stopper. The arrow 
shows the final target position. 
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performed in the present experiment. Thus 
the position in our case may not be the best 
to prevent multiple scattering, but this posi- 
tion was necessary to have a resonable in- 
tensity. Examples of the dependence of beam 
intensities on the target position and the ex- 
pander current are demonstrated in Fig. 2 and 
Fig. 3 for 25 MeV excitation, because at this 
energy the intensity is the strongest. The 
bremsstrahlung intensity from the beam stop- 
per increases suddenly at a certain value of 
the expander current, suggesting that circu- 
lating electrons become strongly divergent in 
the orbit expansion. The expander current 
was chosen as small as allowable in the pre- 
sent experiment. 
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Fig. 3. Dependence of the beam intensity on ex- 


pander current. 

Electron energy: 25 MeV. Radius of the beta- 
tron orbit: 232mm. Position of the target: r= 
238mm. Position of the beam stopper: r=245 
mm. Target: 1mmx2mm Al 10, thick. Full 
line: bremsstrahlung intensity from the target. 
Broaken line: bremsstrahlung intensity from 
the beam stopper. 


The cross section and the oscillation ampli- 
tude of the electron beam were measured by 
autoradiography of induced activity on a 204 
copper target at 25MeV. The _ horizontal 
component of the amplitude of electron oscil- 
lation and the dimension of the beam cross 
section were estimated from the width and 
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the length of strongly active area along the 
target edge in Fig. 4(a) and the amplitude 
of oscillation was found to be smaller than 
0.3mm and the dimension of beam cross 
section was about 4mm in diameter at 25 
MeV. The result of another experiment us- 
ing the target of different shape has shown 
that the horizontal and vertical components 
of the amplitude of electron oscillation are 
nearly equal. No such experiment was _ per- 
formed at 8.5MeV. However the amplitude 
of electron oscillation at 8.5 MeV would not 
be expected to be very different from those 
at 25 MeV, because the amplitude of electron 
oscillation is in inverse proportion to the 
square root of electron momentum which is 
about twice as large in 8.5 MeV as in 25 MeV 
of electron energy. The amplitude of elec- 
tron oscillation causing ambiguity of the order 
of 9/10 in the beam direction is estimated to 
be about 1.5mm at 8.5 MeV. The beam 
oscillation therefore would not affect the pre- 
sent experimental results very much. How- 
ever, to keep the ambiguity in the beam di- 
rection below the order of @/10 the cross 
section of the beam must be smaller than 3 
mm in diameter. Hence we have used a 
target of about 15mmxlmm. Figs. 4(b) 
and (c) are the autoradiograph and its photo- 
metry curve taken with the induced activity 


0) 10 
(c) 


20mm 


Fig. 4. Autoradiographs of induced activity on 
a 20 Cu target placed at r=235mm (a), and 
on a 3p Ag target kept in the same conditions 
as in the polarization experiments (b), and its 
photometry curve (c), 
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in a thin target which has the same thick- 
ness (3 ) and dimension and was held in the 
same conditions as in the polarization experi- 
ments. The region of activity is somewhat 
broader than that of Cu target, which shows 
some undesirable effect such as multi-revolu- 
tion of scattered electrons (one type of multi- 
ple scattering). 

To reduce multiple scattering of electrons 
in the targets supposed to have the largest 
effect on the observation of polarization, very 
thin targets were used as shown in Table I. 
They were supported by supporters of 0.3 mm 
wide cut out from the same foils as targets 
except U target which was supported by an 
Al supporter of 10 thick and 0.3mm _ wide. 
The doughnut was supported in such a way 
that the vibration of target did not occur 
even at the maximum excitation. 

The effect of multiple scattering was esti- 
mated by examining the bremsstrahlung 
angular distributions with Fuji Type 80 X- 
ray films calibrated for the dose-density curve. 
Since the subtraction of background radiation 
from the doughnut is not easily done exactly, 
certain systematic errors may be included in 


INTENSITY 


RELATIVE 


12 10 @ 6 4 §2 ‘0:2 4° %6. 38 


10 12 


ANGLE (10*Radians) 


Fig. 5. Examples of bremsstrahlung angular distri- 
butions in the same arrangement as in the ob- 
servation of polarization. 

Full lines: experimental results. 
Broaken lines: theoretical curves. 
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the results of angular distributions. Fig. 5 
shows the examples of experimental results 
on the angular distribution of 8.5 MeV brems- 
strahlung in the polarization experiment. 
Theoretical curves in the figure were calcu- 
lated by the simple formula 


F(@)=1/(1+(4£.8/me?)F , 


which has been known to be in good agree- 
ment with the experiments on very thin 
targets*?”. It may be concluded that the devi- 
ations of experimental curves from theoretical 
ones are not so large, if the experimental 
error is taken into account. 


‘b) Measurement of polarization 

The polarization of bremsstrahlung was 
examined with Ilford C2, 200 nuclear plates 
soaked to be saturated with DO. The plates 
were mounted on a thin watertight bakelite 
holder containing excess D:O and exposed to 
the beam at 28cm from the target in a lead 
‘chamber which shielded them from gamma 
rays coming from the doughnut and other 
parts of the betatron. In front of the cham- 
ber a lead-stacked collimator having a conical 
aperture was placed to limit the exposed area 
to 5cm in diameter. A lead plate of 1mm 
thick was interposed to reduce the fogging 
of nuclear plates due to attenuating soft 
gamma rays. The plate holder was cooled 
by air blowing. With this precaution the 
fading of the tracks was not serious. The 
plates were developed by an amidol developer, 
pH. of which was adjusted to be 5.2 with 
HCl in order to minimize fogging. 

Scanning was performed along a circular 
ring of 1.66cm in mean radius and 2mm in 
width, which corresponded #@=@0(1+1/16). 
The center of the bremsstrahlung beam was 
determined by photometry of the plates and 
also by the X-ray film examination of 25 MeV 
bremsstrahlung which produced a smaller 
spot than 8.5MeV beam. The error in the 
determination of center was estimated to be 
nearly equal to or smaller than2mm. Tiyoda 
binoculare microscopes were used for the 
scanning at a multiplication of 601.5x10. 

The length of proton tracks was determined 
by measuring the projected length of the 
tracks on the plane of the emulsion and the 
depth of the tracks corrected for the schrink- 
age factors which were determined by meas- 
uring the thickness of emulsion after soaking 
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with a micrometer. For the range-energy 
relations of DO soaked emulsion, the table 
calculated by Krohn and Schrader®?) was used. 
The emission angle ¢ of proton tracks was 
determined by calculating the angle between 
the projected direction of the tracks in the 


k (Mev) 
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10 
Np 


{00 


Ep (Mev) : 
hk (Mev) _ 


Np 


100 


50 


O | 2 3 4 
Ep (Mev) 
Fig. 6. Examples of photoproton spectra obtained 
with polarized bremsstrahlung. 
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plane of emulsion and the radial direction of 
scanning point. Only the tracks running 
within the glancing angle of -+45° from 
emulsion plane were observed. The yields 
of photoprotons from the elements in the 
emulsion except deuteron and neutron recoil 
protons were determined by examining H2O 
soaked emulsions which was exposed simul- 
taneously with D:O0 soaked one, and were 
found to be less than about 5%. These back- 
grounds were neglected in our data. 

The data of exposure are given in Table I. 


Table I. Exposure data. 
Target |. Al | Ag | Au | U 

Target thickness (mg/cm?) | 2.5, 3.2/5.6 }8.5 
eeediation dose (roentgen) | 17 | i 0.46 1.74 
D:O impregnated in unit 20 2.6 2.3 2.0 
volume of emulsion (g/cm?) : : 
ion ea 85.6 90 1113 | 69 
Total proton number 624 726 644 962 


§3. Experimental Results and Discussions 


Some of the observed proton spectra are 
shown in Fig. 6, combined with the theoretical 


estimation. The energy of the photoproton 
is given by 
Bia Se 
E,=>-+,/ 4 ict kcos 0 


where € and M™ is the threshold energy of 
deuteron photodisintegration and proton mass, 
respectively. When an angle correction is 
not applied as in our case, the total fractional 
energy spread for the surveyed emission 
angles of 45°~135° is 4(k/1/(k—&) Mc?). This 
is about 7% for k=5MeV and €=2.23 MeV, 
and can be neglected within the experimental 
error. 

Azimuthal angular distributions of the ob- 
served protons were plotted in several gam- 
ma ray energy regions for each target. Some 
of them are demonstrated in Figs. 7 and 8, 
and in each figure the most probable 
A+B sin’? @ curve obtained by the least square 
fit is also shown. For gamma rays lower than 
about 5MeV, some of the protons may not 
be detected because of the fogging of plates, 
but this does not seriously affect the results 
of angular distributions. 
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Photodisintegration of deuteron is known to- 
be induced by strong £1 and weak M1 tran- 
sitions except near the threshold. The ratio. 
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Fig. 7. Azimuthal angular distributions of photo- 


protons obtained with polarized bremsstrahlung: 
from an Al target. 
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Fig. 8. Azimuthal angular distributions of photo- 
protons obtained with polarized bremsstrahlung- 
from an Au target. 
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of M1 transition to El is about 5% for 6 
MeV gamma rays and can be neglected in 
the higher energies. In £1 transition, pro- 
tons are mainly emitted in the direction of 
the electric vector of gamma rays, and in 
M1 transition in the direction of the magnetic 
vector. The polarization degrees of brems- 
strahlung therefore are immediately deter- 
mined from the curves given in azimuthal 
angular distributions. 

Fig. 9 shows the energy dependence of 
polarization thus evaluated. The M1 transi- 
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tion was neglected in the calculation; This 
neglect will not change the results beyond 
the present experimental error. Errors given 
in the figure are only statistical ones. Theo- 
retical curves obtained by Gluckstern-Hull’s 
equations” with approximate screening cor- 
rections are also given in the same figure. 
As has been already described above, abso- 
lute values of polarization are strongly affect- 
ed by electron multiple scattering. In our 
experiments multiple scattering effect was 
not examined quantitatively and no correc- 
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Fig. 9. Dependence of the bremsstrahlung polarization on photon energy for an electron kinetic 
energy of 8.5 MeV and fora characteristic photon emission angle. The solid lines are theoretical 
curves calcnlated by Gluckstern and Hull with approximate corrections for screening. 


1278 


tions were applied for it. The experimental 
data therefore will deviate in the absolute 
values of polarization, but the qualitative 
aspects of energy dependence of polarization 
will not be changed seriously by the effect of 
multiple scattering. The energy dependence 
of polarization deviates fairly strongly from 
theoretical curves. The deviation is larger 
for higher Z targets and the data on Au is 
in agreement with that of earlier data on 
Pt?” 

According to Gluckstern and Hull, the 
energies Er at which polarization changes its 
sign are approximately independent of photon 
emission angles near the characteristic angle. 
Ex therefore will not be so sensitive to multi- 
ple scattering of incident electrons. Fig. 10 
shows the Z dependence of Er found in the 
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Fig. 10. Z% dependence of Hr, the energy at 
which polarization changes its sign. 
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(b) 

Fig. 11. Theoretical results on the polarization 
of bremsstrahlung calculated by Gluckstern and 
Hull neglecting screening. 

a) Dependence of the bremsstrahlung polariza- 
tion on the photon energy k for several incident 
electron energies. 

b) Incident electron energy dependence of Hp, 
the energy at which polarization changes its 
sign. The values of Hr obtained in the present 
experiment (©) and by Motz”) (x) are also 
plotted. 


present experiment. 

In Fig. 11, some examples of the photon. 
energy dependence of polarization and the Eo. 
dependence of Er calculated by Gluckstern 
and Hull without screening correction are 
shown. The polarization versus photon energy 
curve shifts downwards and Er becomes 
smaller with decreasing energy of primary 
electrons. As shown in Fig. 9, the same 
tendencies were found with increasing atomic 
number of electron target. We can therefore 
define an effective electron energy E,)’ for 
each element so that the theoretical photon 
energy dependence of polarization at E)’ with- 
out screening correction is equal to the ex- 
perimental one. ££)’ can be easily read from 
Fig. 11(b), in which Ep is plotted against E> 
and the observed value of Er for each ele- 
ment is marked on the curve. 

In Fig. 12 the Z dependence of E,’ thus 
determined is shown in two types of plotting. 
The lines were drawn in the figure so as to 
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fit the experimental values assuming that E)’ 
approached 8.5 MeV with decreasing Z. Motz’s 
data’? for 1MeV electrons are also plotted 
by the same method. In Fig. 12(a) both 
Motz’s and the present data can be expressed 
by a common empirical formula Ey’—mc« 
exp (—0.023Z). According to Fig. 12 (b) Motz’s 
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Fig. 12. Z dependence of Ey’, the effective inci- 
dent electron energy for which the theoretical 
photon energy dependence of polarization with- 
out screening correction is equal to the experi- 
mental one. ©: The present writer’s; xX: 


Motz’s. 


Plane Polarization of 8.5 MeV Bremsstrahlung 


1279 


data seem to correspond to the lower Z re- 
gion than 47 in the present data. For larger: 
Z than 47, our curve can be crudely express- 
ed by a formula Fy’—mc?« Z-*, although. 
there may be no definite theoretical meanings. 
in these empirical relations. 

Sommerfeld, Kirkpatrick and Wiedmann?” 
showed that in the non-relativistic case the 
polarization is constant for equal values of 
V/Z*, where V is an electron voltage. If one. 
assumes Ey’—mc?x V/Z?, this is just the re- 
lation found in the present experiment for 
large Z targets as far as Z dependence is. 
concerned. This coincidence may be acci- 
dental, because our experiments are not in. 
the non-relativistic region and we can not 
apply non-relativistic formula. However the 
same tendencies were also suggested by 
Motz!” in his study on 1 MeV electrons. It: 
will be interesting to disclose such differences. 
between the theory and experiment, but fur- 
ther discussions seem to be inappropriate 
because of poor statistics in the present ex-. 
periment. 

For thin low Z-targets such as Al, the: 
polarization of bremsstrahlung is considered! 
to be in agreement with theory in all electron. 
energy regions. 
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The decay of Rh! has been investigated using scintillation spec- 
trometers and a magnetic beta-ray spectrometer. The negatron spectrum 
have the end-point energy of 1.15 Mev and the positron spectrum consists 
of two groups of end-point energies of 1.30 Mev and 0.82 Mev. All 
of beta-spectra involved appear to have approximately “the allowed 
shape of the Fermi plot”. 12 gamma transitions were assigned to Ru!02 
from the internal conversion spectrum and the single and coincidence 
gamma-ray spectra. Gamma-gamma angular correlations have also been 
measured. The results are consistent with the following level scheme 
for Rul: 0.476(2+), 1.106(2+), 1.53(3+), 1.85(?), 1.87(1+,2+, or 3+), 
2.06( ? ), and 2.23;33—) Mev. The transition between the first and second 
2+ state was found to consist primary of E2 transition. The branching 
ratio obtained for the cascade to crossover transition from the second 
2+ level is (4.2+0.8). 


been explained by the collective nuclear model 


Energy Levels of even-even nuclei of of Bohr and Mottelson”.», On the other 


medium weight are very interesting for the 


hand, nuclear spectra of even-even nuclei near 


study of nuclear structure. Nuclear spectra closed shells have been less described by the 
in the region far from closed shells have well present nuclear models. Scharff-Goldhaber 
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and Weneser*) pointed out some regularities 
of the first and second excited states of even- 
even nuclei in this region and succeeded in 
explaining some of the character of these 
nuclei by the use of the Bohr-Mottelson col- 
lective theory. Since then, several nuclear 
models for the even-even nuclei in this re- 
gion (so-called the vibrational region) have 
been presented and succeeded in explaining 
only some of characters of the nuclear spectra. 
The present status between theory and ex- 
periment for even-even nuclei in the vibra- 
tional region have been summarized by Horie?) 
and Stelson®’. 

In the present paper the energy levels of 
Ru!”, which is just in the vibrational region, 
have been studied observing beta-rays and 
gamma-rays from the decay of Rh?”. Rh‘? 
was first discovered by O. Minakawa® in 1941, 
by bombarding Rh! with fast neutrons. He 
observed that Rh! had both positrons and 
negatrons using a G-M counter with magnetic 
field. The half-life of Rh!’ was determined 
to be 2106 days. Since then, several 
people’—’® including the author have studied 
the decay of Rh'”. The tentative decay 
scheme of Rh! was given by the author and 
Kurbatov’®. In the mean time Coulomb ex- 
citation has been giving valuable informations 
on the low-lying states of the even-even 
nuclei including Ru’? ‘7.!5. In this situation 
it is felt that the extensive study of energy 
levels of Ru! is necessary. 

There was a good opportunity to bombard 
Ru for many hours by protons of the 63” 
cycltron at the Institute for Nuclear Study, 
University of Tokyo, and to get relatively 
strong Rh!” activity. The development of 
chemistry for the separation of Rh from Ru 
made possible to have a good beta source. 
In this paper the extensive study of the decay 
of Rh’ is reported.* After all the experi- 
mental work was done, McGowan and Stelson!” 
reported their preliminary work on the decay 
of Rh'*?. Their result is in fairly good agree- 
ment with the present work. 


§2. Source Preparation 
The Rh? used in the present work was 


* Preliminary reports of this present work were 
given by the author in the 1959 Spring Meeting 
and in the 1960 Spring Meeting of the Physical 
Society of Japan. 
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prepared by a (p, ) reaction on natural ruthe- 
nium and 97% enriched ruthenium 102 pow- 
der. The energy of protons was about 13 
Mev. Total bombarded protons were 800 A 
hours for natural Ru and 2000 “A hours for 
enriched Ru!. About three months after 
each bombardment radioactive rhodium was 
chemically separated. The procedure of the 
chemical separation is as follows**: After 
10 mg of iron as ferric chloride was added as 
the collector, bombarded ruthenium target 
was fused with potassium hydroxide and 
potassium nitrate at about 500°C for 30 min. 
in a gold crucible. The residue was collected 
with centrifugation and fused with potassium 
pylosulfate. Rhodium was coprecipitated with 
ferric hydroxide. The precipitate was dis- 
solved in hydrochloric acid, and ferric chlo- 
ride was removed with ether extraction. 

The half-life of the bombarded material was 
followed by a G. M. counter for two years 
and was found to be (206-43) days. Thus al- 
most all of the bombarded material was found 
to be Rh!°, 


§3. Total Beta-Spectra 


a) The beta-source and the beta-ray spectro- 
meter 

The beta-source was mounted on 1 mg/cm? 
mylar film by a drop method. The estimated 
source thickness was about 1mg/cm’. The 
beta spectrometer used was INS III magnetic 
spectrometer, which is a sector type double 
focusing beta spectrometer of a=18cm. Ana- 
lyzed beta-particles were detected with a G.M. 
counter, the window of which was approxi- 
mately 1.5mg/cm?. The beta spectrometer 
was operated with momentum resolution 0.9% 
and was calibrated with the conversion lines 
of [#8!, Hg?, Cs!87 and Co. The reproduci- 
bility of the calibration was within 0.5%. 
(The deviation was caused by the hysteresis 
of iron material of the spectrometer) The 
overall performance of the spectrometer was 
tested with P®? and Rb**. The beta spectrum 
of P22 mounted on 1 mg/cm? mylar film showed 
a straight line down to 300kev, and the beta 
spectrum of Rb** exhibited “the unique first 
forbidden type”, as was expected. 


b) The positron spectrum 
Fig. 1 shows the Kurie plot of the positron 


** The chemical procedure will be described in 
detail elsewhere by H. Shimojima. 
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spectrum of Rh’. It can be seen that the 
spectrum is complex. The upper energy 
group (called #2:*) slightly shows a deviation 
from the allowed shape but cannot be assigned 
to be the unique first forbidden type; the ex- 
perimental shape factor of this positron group 
is shown in Fig. 2 together with the theoretical 
shape factor of the unique first forbidden type 
(a1). It is concluded from Fig. 2 that the 
positron spectrum of Rh‘ cannot be the 
unique first forbidden type but nearly the 
allowed shape. The Kurie plot of the second 
positron group (called §:*+) approximately 
shows a straight line as low as 300 kev. The 
deviation from a straight line below 300 kev 
is believed to be due to scattering of beta 
particles mainly in the source and its backing. 


KR TA 
(0) 200 400 600 800 1000 1200 1400 


kev 
Fig. 1. The Kurie plot of the spectrum of Rh!0. 
The spectrum was taken 110 days after acti- 
vation. 
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Fig. 2. Experimental shape factors of the positron 
and negatron spectra. The theoretical shape 
factors of the unique first borbidden type, ay, 
are also shown in the figure by solid curves. 


c) The negatron spectrum 

The Kurie plot of the negatron spectrum 
of Rh!” is shown in Fig. 3. The points of 
of internal conversion peaks are omitted in 
the Kurie plot analysis. The Kurie plot of 
the negatron spectrum approximately shows 
a straight line down to 250 kev although a 
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slight deviation appears between 600 and 400 
kev. The shape factor of the negatron 
spectrum is shown in Fig. 2. From Fig. 2 
it can be seen that the shape factor of nega- 
trons is different from that of the unique first 
forbidden type (a:) but nearly that of the al- 
lowed type although the shape factors of posi- 
trons and negatrons are are a little different. 
The end-point energies and relative intensities. 
of the two positron groups and the negatron 
group (callen @-) are tabulated in Table I. 
The results are almost in agreement with the 
previous results®!°1*) although the 400 kev 
positron group reported by Marquez’? was 
not observed. 


18 
16 
14 


400 600 
E (kev) 


Fig. 3. The Kurie plot of the negatoron spectrum 
of Rh'2, leaving out the conversion electrons. 
The spectrum was taken 115 days after acti- 
vation. 


Table IJ. The end-point energy and intensity of 
each positron and negatron group of Rh!02, 
End-point Intensity 
Group energy (kev) (8- = 100) 
Byt 820+15 2132-025 
Bo+ 1295 +10 54.6+1.0 
(= 1150+ 6 100. +1.5 


d) The internal conversion spectrum 

The internal conversion spectrum of Rh‘? 
was studied from 40 kev to 1150 kev carefully. 
The spectrum is shown Fig. 4. The energy 
values of the peaks are indicated by arrows 
in the figure. The three conversion groups 
below 310 kev and the 533 kev K peak with the 
503 kev L peak are attributed to Rh', as was 
reported previously't.!7.2, It is considered 
that Rh‘! was produced by the Ru’! (p, 2”) 
Rh’ reaction. The energies and relative 
intensities of the conversion peaks are 
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Fig. 4. The internal conversion spectrum of Rh?°, 
the spectrum. Energies of peaks (kev) are indicated by arrows. 


120 days after activation. 


Several conversion lines of Rh! also appear in 
The spectrum was taken 


Table II. Internal conversion spectrum of Rh!2, 

Energy of ie Energy of Intensity of | 
conversion athe of transition conversion | iG K . ; ; 
Sieteans nversion energy Meckrons Lam conversion | Multiporarity 

(kev) electrons (kev) (@-=100) + coefficient 

396 +3 K las ; 0.077 +0.019 | 

41644 L SOG O17 00OL™ | Jeoa2a 

45442 K 1.80 +0.06 | 5.2 10-3* E2 

47443 i j476=:2 | 0.25 +0.02 | Jf 240.8 

60744 K ei eee) ee (2.940.3)x 10-8 E2 

| | 

627-45 . |629-44 0.019 +£0.004 {6.81.9 | 

67545 K 0.060 +0.004 (2.140.4)x 10-3 E2, M1 

69347 | L Joo7 5 V.025 40 Ji Abi iae ee 

740+10 | K 762+10 | 0.033 +0.010 | (1.5+0.7)x10-8 M1, E2 
1090415 | K 1112415  0.0015+0.0006 | 


* The theoretical K conversion coefficient of 
probably #2 transition. 


tabulated in Table II together with the 
K/L+M ratios. Since the 476 kev transition 
is already known to be £2 transition’’.'® which 
is also consistent with the present K/L+M 
ratio, the internal conversion coefficients of 
transitions can be obtained from the combi- 
nation of the relative intensities of internal 
conversion electrons with the gamma-ray 
intensities, which is described in the next 
section. The K conversion coefficients thus 
obtained are tabulated in the sixth column 
of Table II. In the last column of Table II 
multipole assignments from the AK conversion 
coefficients are given. The K conversion 
coefficients of the 0.418 and 1.11 Mev transi- 


Rose is used for the 0.476 Mev transition, which is 


tions are not given because the respective 
gamma rays were not resolved by the scintil- 
lation spectrometer. 


§4. The Gamma-Ray Spectra of Rh'” 


The gamma-ray spectra of Rh! were ob- 
served with a scintillation spectrometer with 
2’ x2” and 13”’ x 14” Nal(T1) crystals mounted 
on 6292 DuMont and 6342A RCA photomulti- 
plier tubes. The data were taken with a ten- 
channel pulse-height analyzer. For the study 
of the coincidence spectra a conventional fast- 
slow coincidence circuit with a resolving time 
2c of 0.364sec was used. 

The spectra were taken mainly about 400 
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days after the bombardments. The single 
spectrum below 1.4 Mev is shown in Fig. 5. 
The energies of the observed peaks are indi- 
cated in the figure. The peaks of 0.125, 
0.190 and 0.315Mev were already assigned 
to be Rh’! gamma-rays. The 0.48 Mev peak 
sare composed by the 0.476, 0.42 and 0.511 


0) 10 20 30 40 SO, 60) 470 
pulse height (volts) 
JFig. 5. The gamma ray spectrum of Rh! below 
1.4 Mev. Energies of peaks (Mev) are indicated 
by arrows. 


Counting rate in arbitrary unit 


\ 
20 30 407 50 60 70 80 90 100 
pulse height (volts) 
‘Pig. 6(a) and 6(b). The gamma ray spectrum of 
Rh! above 1 Mev. Source-to detector distances 
are lcm (a) and 5cm (b). 
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(annihilation radiation) Mev gamma rays; the 
0.42 Mev transition was resolved only in the 
internal conversion spectrum, as is shown 
in Fig. 4. The small bumps at 0.69 and 
0.76 Mev are revealed to be true peaks by 
coincidence measurements. The broad peaks 
at ~1Mev are resolved into three peaks of 


(b) 


rate in arbitrary scale 


1.10 


counting 
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Ec) 
| (d)° 


cet (ahs |" 
—|1105 
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30 40 50 60 70 80 
Pulse height (volts) 

Fig. 7(a)-7(e). The gamma ray spectra of Rh!°2 in 
coincidence with the (a) 0.63, (b) 0.69, (c), 0.77, 
(d) 1.05 and (e) 1.13Mev gamma rays. The 
energy scale of (a) is different from the others. 
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Table III. Rh? gamma-ray energies and relative intensities. The data from the internal conversion 
spectrum are also included. The intensities from the conversion spectrum are obtained from 
multipole assignments which are indicated in parentheses. The intensities of the beta groups 
are also listed for comparison. The concluded intensity values summarized from several methods 


are shown in the last column. 


Relative intensity 
(Me, K pres Spectra in coincidence with gamma rays of | € 
internal energies (Mev) Concluded 
sh sail Sem | Ton |SOA76ulaO.Sllal4 0.682 SOteee ONG.) 10sec t i. 
0.418 | 3.7(M1) yes 4 
0.476 | 100(/F2) | 100 | yes 13 8.0 rig 0 [salle 5 100 
0.511 45 | yes 50 | 45 
0.629 13.2 14 | 13 | Toe 4.1 13 
| 
0.697 Oe | 0.5 6.4 8.2 
0.762) 5.0(E2) le #8 6.4 6.3 
6.3(/1) 
1.05 6.4 11 
1.106 [26 | 26 eve AAsd he aa 12 4.2 
1.13 | 7.2(#2) 4.1 5.0 
137 0.9| 0.4] 0.5 0.9 
1.58 ok UC heen 0.5 
1.83 0.3 0.9 0.3 
2.06 | 0.2] 0.2 0.2 
beta group 
Emax (Mev) 

BE Salen 29.6 

Bit 0.82 6.3 
62+ 1,295 16.2 


1.05, 1.106 and 1.13 Mev in the coincidence 
spectra. 

The gamma-rays above 1.2 Mev were found 
to be very weak. The summing peaks could 
be found in this region. The summing peak 
efficiencies for various distances were calib- 
rated with the 1.17 and 1.33 Mev gamma rays 
of Co®*®. The single gamma-ray spectra above 
1 Mev are showo in Figs. 6a and 6b observed 
with source-to-detector distances of 1cm and 
5cm, respectively. It is found from the 
figures that peaks at 1.37, 1.57 and 2.06 Mev 
are true peaks and the peak at 2.3 Mev is 
a summing peak; the peak at 1.83 Mev per- 
haps consists of both kinds. 

The intensities of the gamma-rays were 
determined by measuring the area under the 
full-energy peak and by correcting for the 
full-energy peak efficiencies and for Compton 
continua of high energy gamma-rays. The 
intensities, which are normalized to a value 
of 100 for the intensity of the 0.476 Mev 


gamma-ray, are listed in Table III, together- 
with coincidence and magnetic spectrometer 
data. 

The gamma-ray spectra in coincidence with 
ove (OA, Oo, OSD, WLS, IMs ali) eave OYsiuil 
(annihilation radiation) Mev gamma rays were: 
investigated. Figs. 7(a-e) show the spectra 
show the spectra in coincidence with the 0.63, 
0.69, 0.77, 1.05 and 1.13 Mev gamma rays. In 
Fig. 7a, there appears a predominant peak at 
0.77 Mev, which is only a small bump in the 
single spectrum (Fig. 5). The 1.05Mev gam- 
ma-ray is resolved in Fig. 7b. In Fig. 7d, 
there is a predominent peak at 0.69 Mev, 
which exhibits a bump in Fig. 5. The 1.106. 
gamma-ray, which is found to be a cross- 
over gamma-ray between the second excited 
and the ground state of Rh‘, can be seen in 
Figs. 7c and 7e. The intensities in the coin- 
cidence spectra corrected for the detector 
efficiencies, for Compton continua and for 
gamma-ray summing in the crystal, are tabu— 
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lated in Table IJI. The intensity of the an- 
nihilation radiation in coincidence with the 
other annihilation quantum, 50, was obtained 
by using the annihilation radiation of Na”. 
In the last column in Table III is shown the 
concluded intensity values of the gamma rays. 
The errors of those intensities might be 
about 10 to 20%. These results are consistent 
with the decay scheme of Rh!” which is 
shown Fig. 8 and will also be discussed in § 6. 


RH? 


MeV 


13(5,0) JUIN 


oO 
O 


8 
laa 


(3710.9) 


0.476 (100) 
LLO6 (4.2) 


Rue? 
Fig. 8. Decay scheme of Rh!02 and energy level 
diagrams of Ru! and Pd, Energies are given 


in Mev and intensities are included in paren- 
theses. 


$5. Gamma-Gamma Angular Correlations in 
Rh?°2 


For gamma-gamma angular correlation 
measurements the source was 10cm from the 
face of the 2” x2” Nal crystal and 7.5cm 
from the face of the 14’ x13” crystal. Data 
were taken every 22.5° between 90° and 180°. 
A least-square fit of the data was made to 
W(@)=1+ AzP2(cos @)+ AsPi(cos #) following 
Rose’s method*”. The results were then cor- 
rected for the finite angular resolution of the 
detectors?!:22) and for the Compton continua 
from the higher gamma rays. 


a) The angular correlation for the 0.63- 
0.476 Mev cascade 

To obtain the angular correlation for the 

0.63-0.476 Mev cascade, a single channel pulse- 


Kazuo HISATAKE 


(Vol. 16, 


height analyzer of one detector (14’ x13” Nal) 
was set with a wide channel width so that 
almost all the peak area of 0.476 Mev could 
be detected since no coincidences were ob- 
served between the annihilation radiation and 
the 0.63 Mev gamma ray; the effect from the 
0.42-0.63 Mev cascade was estimated to be 
negligibly small. The other detector (2” x2” 
Nal) was connected to a ten-channel pulse- 
height analyzer to avoid the 0.69 and 0.511 
Mev coincidence peaks. The observed coinci- 
dences were corrected for the Compton con- 
tinua from the 1.1Mev gamma ray group 
which was in coincidence with the 0.476 Mev 
gamma ray. The observed correlation function 
corrected also for the finite angular resolution 
of the detectors was found to be 
Woo 63-0 .476(0)=1+(0,049--0.012) P2(cos 8) 
+(0.274-+0.018)P, (cos 8) . 
Since the 0.476 Mev peak detected by the 
single channel pulse-height analyzer as a gate 
for coindidences contains the Compton con- 
tinua of the 0.77 and 1.13 Mev gamma rays 
which are in coincidence with the 0.63 Mev 
gamma ray, the above correlation function 
should be corrected for the 0.63-0.76 and 0.63- 
1.13 Mev cascades. The observed correlation 
function of the 0.63-0.76 and 0.63-1.13 Mev 
cascades were found to be 
Wo.76-0.63(0) =1+(0.0090.020)P2(cos A) 
+(0.022=-0.028)P.(cos 8) 
and 
Wi .13-0.63(0) =1+(—0.292+-0.032)P2(cos 8) 
+(—0.0235-+0.049)P.(cos 8) , 
respectively. The ratios of the counting 
rates of these cascades to the counting rate 
of the 0.476-0.63 Mev cascade are found to be 
0.082 for the 0.63-0.76 Mev cascade and 0.040 
for the 0.63-1.13 Mev cascade. Thus the final 
correlation function for the 0.476-0.63 Mev 
cascade was determined to be 
Wo .63-0 476(8) =1+(0.064-£0.014)P2 (cos 8) 
(0.3120.032)Ps(cos 0) 
The experimental correlation function is 
consistent with the theoretical correlation 
function for the spin sequence 2 (D+Q) 2 (Q) 


: —eet0.7 
with 0=5.5_ 95) 


ratio of the reduced matrix element of quadru- 
pole transition to dipole transition. The 
determination of d-values is illustrated in 


where 0 is defined as the 
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Fig. 9, where A» and A, in the correlation 
functions are taken as the abscissa and the 
ordinate, respectively, and d-values are the 
parameters of the respective ellipses; in Fig. 
9 the ellipses of the (3-2-0), (2-2-0) and (1-2-0) 
correlation functions are shown. 
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Fig. 9. Coefficients of angular correlation func- 
tions for (3-2-0), (2-2-0) and (1-2-0) cascades. 
0 is taken as a parameter of each ellipse. 


tb) The angular correlation for the 1.05- 
0.476 Mev cascade 

The angular correlation for the 1.05-0.476 
“Mev cascade was observed similarly. Since 
‘the 1.13 Mev gamma ray is also in coincidence 
with the 0.476Mev gamma ray, care was 
-taken to select only the 1.05 Mev gamma ray. 
For this purpose the coincidence spectra in 
-coincidence with the 0.476Mev gamma ray 
between 1.0 and 1.2 Mev were carefully taken 
with the ten pulse-height analyzer at the five 
-angles in which the angular correlation was 
observed. It was also observed that the coin- 
-cidence counts for 180° were abnormally high 
-in comparison with the coincidence counts 
for the other four angles. By changing the 
-source-to-detector distance it was found that 
the sum coincidence peak between the 0.476 
_and 0.511 Mev gamma rays was in coincidence 
with the other annihilation quantum emitting 
-to the opposite direction. For this reason the 
.coincidence counts for 180° were omitted from 
the data. The observed correlation function 
for the 1.05-0.476 Mev cascade which was 
corrected for the finite angular resolution of 
;the detectors was 

Wo 1.05—0.476(0) =1+(—0.252-+0.028)P2(cos 0) 


+(0.0660.049)P.(cos 4) . 
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This correlation function should be corrected 
for that of the 0.69-1.05 Mev cascade, which 
was found to be 


Wo 60-1,05(8) =1+(0.122+-0.038)P2(cos @) 
+(—0.222+-0.061)P.(cos 8) , 


experimentally; the finite angular resolution 
was corrected for. The ratio of the coinci- 
dence counts of the 0.69-1.05 Mev cascade to 
those of the 0.476-1.05 Mev cascade is observed 
to be 0.11. The final correlation function was 
determined to be 


Wi 05-0, 476(0) =1+ (— 0.298--0.034) P2 
+(0.0930.055)P.(cos 8) . 


The unique spin assignment for the 1.53 
Mev level of Ru!” is difficult only from this 
correlation function, as is seen in Fig. 9; 3, 
1 and 2 are equally probable. 0 and 4 are 
excluded. However, the data of the relative 
intensities of the gamma rays give the spin 
of 3 uniquelly, as will be discussed in the 
following section. If the spin of the 1.53 Mev 
level is 3, the d-value for the 1.05 Mev transi- 
tion is determined to be 0.30.1 from Fig. 9. 
The reason for the large error in the correla- 
tion function for the 0.476-1.05 Mev cascade 
is probably due to the poor resolution of the 
1.05 Mev peak from the 1.13 Mev peak. 


c) The angular correlations for the 0.76- 
0.63 and the 1.13-0.63 Mev cascades 

The angular correlations for the 0.76-0.63 
and the 1.13-0.63 Mev cascades were also 
studied. The observed correlation functions, 
which are corrected for the finite angular re- 
solution of the detectors, are described in §5 
(a); the errors mentioned above are only 
statistical ones. From these correlation func- 
tions the spins of the 1.87 and 2.23 Mev levels 
of Ru! can be obtained since the 0 value of 
the 0.63 Mev transition is already determined. 
These correlation functions, however, involve 
other errors than statistical ones because of 
the poor energy resolution of the detectors. 
Therefore the unique assignment of those 
levels is rather difficult. The spin assign- 
ment of the 1.87 Mev level is 1, 2 or 3; 0 and 
4 are excluded. On the other hand the as- 
signment of the 2.23 Mev level is rather uni- 
quely determined to be 3 even if the error 
involved are large. The d-value of the 1.13 
Mey transition cannot be determined because 
of the large experimental error. 
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§6. Discussion 


The log ft values of the decay of Rh! to 
the states of Ru! and Pd!” are discussed. 
In order to obtain the ft value of the tran- 
sition to the ground states of Ru!”, the ratio 
of orbital electron capture to positron emis- 
sion is necessary. Since the positron spectrum 
associated with this transition (§2+) exhibits 
the allowed shape approximately, the capture 
to positron ratio is considered to be approxi- 
mately that of the allowed transition». The 
capture to positron ratio of the allowed transi- 
tion is found to be 2.3 for the transition to 
the ground state of Ru! using the Feeberg’s 
chart”. In the same way the capture to 
positron ratio of the transition to the first 
excited state of Ru! is obtained to be 10. 
This value is in good agreement with the 
experimental value of (1142), which was 
determined from the relative intensities of 
the gamma-rays and the total beta-rays. The 
branching ratio of the transition to each state 
was obtained from the decay scheme shown 
in Fig. 8. The values of the branching ratios 
and the log ft values tabulated in Table IV. 


Table IV. Branching ratio and log ft values of 


Rh102 decay. 

Terminating Branching | 

level lev) | | ratio (9) | Los ft 
0 | 30 8.6 
0.476 38 8.1 
1.106 Rulez 0.6 9.7 
5S 3.9 8.6 
TS 3.9 8.1 
Zee Meo 5a5 
0 Pdt0z 16.3 9.6 


All the log ft values obtained are between 8 
and 9, except for the transition terminating to 
the 2.23 Mev state of Ru!”. Those transitions 
are considered to be the first forbidden transi- 
tions. Since the parities of the ground states 
of Ru’ and Pd! are positive, the parities of 
those terminating levels are positive. The 
log ft of 9.8 for the transition to the second 
2+level is compared with the log ft of 8.1 
for the transition to the first 2+level. The 
forbiddeness of the beta transition to the 
higher 2+state was indicated by M. Sakai25, 
The transition terminating to the 2.23 Mev 
level of Ru!” is considered to be the allowed 
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transition since the log ft value is 5.5. 

The spin and parity of the first excited 
state of Ru, 2+, was confirmed by the 
K/L+M ratio of the internal conversion 
spectrum and the angular correlation function. 
This state was also studied with Coulomb 
excitation by Temmer and Hydenberg’” and 
by Stelson and McGowan". The half-life of 
this state was estimeted to be about 2x10-"! 
sec by Coulomb excitation. This half-life 
value is shorter by 50 than that for a single- 
particle transition. The collective nature of 
this state is evident. 

The spin of the second level of Ru’ was 
determined to be 2+ by the correlation func- 
tion for the 0.63-0.476 Mev cascade; the positive 
parity was already determined by the ft value. 
The £2-M1 mixing ratio of the transition be- 
tween the 1.105 and the 0.476 Mev states was 
510.7 

—0.5 
6 can be compared with those for Ru! and 


Pd; 0 for Ru'*°*®) was reported to be aioli 


and 6 for Pd!"* was to be +302”. The E2-M1 
mixing ratios of the transitions between the 
second 2+ and the first 2+ levels for several 
even nuclei have been discussed by M. Sakai?®? 
and S. S. Malik et al.22 The branching ratio. 
of the cascade to the crossover gamma 
rays from the second 2+ level is found 
to be about 5 from the intensity ratio of 
the 0.63 Mev gamma ray to the 1.106 Mev 
gamma ray in coincidence with the 0.76 Mev 
gamma ray and is to be about 3.4 from the 
same ratio in coincidence with the 1.13 Mev 
gamma ray; the angular correlation effects. 
have been corrected for. The average of the 
two values would be 4.2-+0.8 if the same level 
is considered. The difference between these 
value, however, is just outside of the experi- 
mental error and may suggest the doublet of 
of the 1.106 Mev level which was anticipated 
by the vibrational model of Sharff-Goldhaber 
and Weneser®. The doublet of this state has 
also been suggested by McGowan and 
Stelson’?. McGowan and Stelson!®) give the 
value of 1.5+0.3 for the ratio. The ratio. 
B(E2, 2’>2)/B(E2, 2’-0), which is the ratio of 
the reduced E2 transition probability between 
the second and the first 2+ level to that be- 
tween the second 2+ level and the ground 
state is determined to be (65-415). The theo- 
retical value of this ratio calculated by the. 


determined to be 6=5. This value of 
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formula of Davydov and Filippov®” is 30. The 
E2 transitions from the second 2+ levels of 
even-even nuclei was summarized by Van 
Patter*?. The second 2+ state of Ru! was 
also studied with Coulomb excitation by 
Stelson and McGowan?2), 

The spin of the third excited state of Ru!” 
can be determined by the angular correlation 
function for the 1.05-0.476 Mev cascade and 
by the intensity ratios of the gamma rays 
originating from this state. The correlation 
function suggest 3, 1 or 2 for the spin of this 
state. The relative intensity of the transi- 
tion between the 1.53Mev and the ground 
state of Ru’ was found to be <0.1; the 
gamma ray of 1.57 Mev is probably different 
from the 1.55 Mev transition. On the other 
hand, the relative intensities of the transi- 
tions from the 1.53 Mev state to the 1.106 Mev 
state (2+) and to the 0.476 Mev state (2+) 
are found to be 4 and 11, respectively. There- 
fore, the spin assignment of 1 and 2 is ex- 
cluded for the 1.53 Mev state. Thus the spin 
assignment of the 1.53 Mev state is concluded 
to be 3. This spin assignment is in agree- 
ment with that of McGowan and Stelson!. 
It is noted that Davydoyv and Filippov®® sug- 
gest the first 3+ level at 1.58 Mev. 

The 1.85 Mev state of Ru! is found by the 
coincidences between the 0.476 and the 1.37 
Mev gamma rays. This state is probably 
different from the 1.87 Mev state, which is 
given by the 0.76-0.63-0.476 Mev cascade 
transition. A weak transition of about (1.83 
+0.04)Mev was also found in the single 
gamma ray spectrum, as is shown in Fig. 6b. 
It is not certain whether the transition may 
be associated with the 1.85 Mev state or with 
the 1.87 Mev state. The spin assignment of 
the 1.87 Mev state is 1, 2 or 3 from the cor- 
relation function for the 0.76-0.63 Mev cas- 
cade. It is noted that McGowan and Stelson?®’ 
assigned 0+ for the 1.84 Mev level of Ru’. 

The 2.06 Mev gamma ray, which was found 
in the single gamma ray spectrum (Fig. 6b) 
indicates the 2.06 Mev level of Ru’. It is 
noted that a faint peak at about 1.6 Mev was 
found in the gamma ray spectrum in coin- 
cidence with the 0.476 Mey. It also confirms 
the existence of the 2.04 Mev state. McGowan 
and Stelson!®) also reported the existence of 
the 2.04Mev level. Their spin assignment 
for this state is 2. 
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No transition which might be associated’ 
with Pd'” was found either in the single and. 
coincidence gamma ray spectra or in the 
internal conversion spectrum although the 
systematics of the first excited states of even- 
even nuclei expects the first 2+ state of Pd1° 
between 0.65 and 0.7 Mev*). Recently beta- 
gamma coincidences in Rh! have been studied. 
by the author*#. The preliminary result sug- 
gests new transition of 0.67 Mev in coincidence 
with that beta group, the end-point energy of 
which is about 0.47 Mev. Since the end-point 
energy of the main negatron group is 1.15 Mev 
and the annihilation radiation is in coincidence: 
with no other than the other than the 0.476. 
Mev gamma ray, the new gamma ray is. 
probably the transition between the first ex- 
cited and the ground state of Pd'!”. The. 
gamma ray of 0.68 Mev was also found in the: 
decay of Ag! by Y. Hashimoto et al. Uni- 
versity of Tokyo*’. 

The spin and parity of the ground state of 
Rh! is discussed. Since the ground states. 
of Ru! and Pd!” are 0+ and the first excited. 
state of Ru’ is 2+, the spin and the parity 
of the ground state of Rh! is considered to: 
be 1— or 2— from the selection rule of the. 
first forbidden beta transition. If the spin and 
the parity of Rh! were 2—, both the high 
energy component of the positron spectrum. 
(82+) and the negatron spectrum would show 
the unique first forbidden spetrum shape. The. 
fact that the experimental spectra approxi- 
mately show the allowed shape makes the as- 
signment of 1— favourable. The assignment 
of 1—, however, is against the Nordheims. 
strong rule**.*7) and the spin assignment of 
the 2.23 Mev level of Ru. The log ft value 
of 5.5 is given for the transition terminating. 
the 2.23 Mev level of Ru, which is already 
assigned to be 3—. It is inconsistent with the 
assignment of 1— for Rh!” from the selec- 
tion rule of the allowed beta decay; 2— is. 
more favourable from this point. No consist- 
ent assignment for Rh! is not given so far. 
This may be indication of the existence of 
a very low energy isomer in Rh’, which is. 
inferred by McGowan and Stelson’. 


Added in Proof 
After submitting this paper, the author 
received a preprint of work by F. K. McGowan 
and P. H. Stelson (submitted to Phys. Rev.) 


1290 


‘Their results are in general agreement with 
the present one except for one point, although 
they did not measure any beta-spectra. The 
only different point is the angular correlation 
function of the 0.63-0.476 Mev cascade. It is 
found that the experimental point at 180° of 
tthe author is 7% higher than the least square 
fit for the coincidences of the five angles; 
the statistical error at 180° is 1.4%. The 
‘coincidences at 180° is considered to be too 
high probably due to some indirect effect of 
tthe annihilation radiation. If one omits the 
experimental point at 180°, the new least 
square fit corrected for the finite angular reso- 
lution would be 


W 0 63-0 .476(0)=1+(0.0160.013)P2(cos 8) 
+(0.158+0.021)P.(cos @) . 
‘The final correlation function would be 
W 063-0 4760/0) =1+(0.03140.16)P2(cos @) 
+(0.179=£0.025)Pu(cos @) , 


‘which is almost in agreement with that of 
McGowan and Stelson. Thus the consistent 
-value for the 0.630 Mev transition cannot 
be obtained unless one assumes a 2+ and 
A+ doublet at 1.106Mev, as was done by 
McGowan and Stelson. On the other hand, 
no doublet of the 0.630 Mey transition was 
found in the internal conversion spectrum 
within the resolution of the spectrometer, 
say, 1%. Further study will be necessary 
for this transition. 
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The ferrite crystals of ternary system (Mn,Fe,Ni,)Fe,O,, where 
x+y+z=1, were grown by the Bridgman method in the air. According 
to the X-ray analysis, they have the spinel structure, except in the 
region near NiFe,O,, and their lattice constants depend linearly on the 
concentration: @=(8.518—0.125y—0.176z)+0.005 A. The ferromagnetic 
crystalline anisotropy was measured by the torque method in the temper- 
ature range between 90°K and 300°K. In normal specimens kK, decreases 
with decreasing temperature. NiFe,0,—Fe;0, system shows an anomalous 
temperature dependence for a wide range of concentration: K, increases 
and changes its sign from negative to positive at low temperature. This 
will be due to the short range order of Fe?+ and Fe3+ at the octahedral 
site of the spinel lattice. If such an anomaly is subtracted, kK, of the 
ternary system becomes maximum at a certain Fe3;0, concentration. This 
can be attributable to the special contribution of Fe?+-ion. 

The crystals of (Zn;_,Fe,)Fe.O, binary system were also investigated. 
They have the spinel structure with the lattice constant of a=(8.445 
—0.052y)+0.005 A. The relation of the anisotropy constant to y also 
indicates the contribution of Fe2+ mentioned above. 


$1. Introduction 

The interesting characteristics of the de- 
pendence of the ferromagnetic crystalline 
anisotropy of the MnFe:O.-FesO, system on 
the composition were reported previously by 
the author and his colaborator’) and by 
Penoyer and Shafer.” Our knowledge seemed 
to be insufficient for understanding the mecha- 
nism of these phenomena. The study has 
been extended to the MnFe2O.-FesO.-NiFe:O. 
ternary system and ZnFe.O.-FesO, binary one. 
Ni and Zn were chosen for the third and 
fourth elements on account of the expectation 
of their stability of the ionic state (Ni*+ and 
Zn?+) and that of the preference for the lattice 
site (B- and A-site, respectively) in the spinel 
type structure. On account of the lack of 
the phase diagram of these ferrite solid so- 


lutions, the method of preparation of the 
crystals was first investigated. After that, 
the ferromagnetic crystalline anisotropy of 
the crystals was measured by the torque 
method in the temperature range between 
90°K and 300°K. Interesting features were 
observed and discussed from the view point 
of the theory developed recently. 


§2. Crystal Growth and Chemical Analysis 


Single crystals were grown by the same 
method as reported in the previous paper.” 
Fe.03;, MnCO;, NiO, ZnO and MgO were used 
for the raw materials. The ferrite powder, 
made by the usual ceramic technique, was 
melted and crystallized by the Bridgman 
method in the Pt-crucible in the air atmosphere 
with the speed of 2.8 cm/hr (0.8°C/min). After 
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the cooling at the rates of about 2°C/min 
(1600~1300°C), 5°C/min (1300~1000°C) and 
10°C/min (1000~600°C), the crystal was taken 
out from the furnace. 

Main metallic elements were chemically 
analysed for all specimen used in the ex- 
periment. Larger segregation was observed 
in ZnFe:0.-Fe;0, system than in MnFe20.- 
Fe;Q:-NiFe.O. ternary one, as shown in Table 
I. The analysis could not determine the 
excess or deficiency of oxygen compared with 
the stoichiometric composition more accurately 
than +5% of the oxygen content. But the 
measurement of the electric conductivity,” 
which was considered to indicate the number 
of Fe?+-ions, suggested the realization of the 
nearly stoichiometry of the oxygen content. 


Table I. Examples of chemical analysis. It 
indicates segregation of crystals. 


(a) MnFe204-Fe304-NiFe,0,4 system 


; Position 
Approximate 
expression Bee Top leBaeeoars 

Nip 2Fes.sO4 re | 2:79 | ee 
Nip, sFes,sO, eed kg el ea 
Mno,4Fe2 604 wi ee 5 2. 83 
Mn 0.41 0.42 
Mno.4Nio.2Fes. 404 Ni 0.19 0.19 
Fe 2.40 2.39 


(b) ZnFe,O,-Fe;0, system 


: Position 

poe ear eee 
Zn sees. 5501 Fe | 288 | 2:84 
ZNp 25F€2 7504 ap DE 270 
Zn Fes 230% re | 2s | 2's 
Zno.gFe2 404 oe DE 239 
Zno.asFee.1504 4 Di en 


Co-impurity in the specimen was 0.01% or 
less. Specimens used in the experiment were 
cut from the bottom of the crystals, because 
the top was crystallographically less perfect 
and might be oxidized during the cooling 
after the crystal growth. ‘The compositions 
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of (Mn.Fe,Niz)Fe.0, ternary ferrite specimens 
are shown in Fig. 1 and those of (Zni-yFey) 
Fe.O, binary system are y=0.84, 0.70, 0.52 
and 0.39. (Mgi-yFey)Fe:O, system was tried, 
too. But it succeeded only in the case of 
y=0.87, on account of the relatively high 
melting point of Mg-rich specimens. 


§3. Crystallographic Investigation 
(1) (Mn.Fe,Niz) FeO. 
The crystal structure and the lattice con- 


Ni Fe2O4 


Fig. 1. Composition of specimens of MnFe,0,- 
Fe;,0,-NiFe,0, ternary ferrite solid solution. 
©: single spinel phase, x: two phase. 


854 


0.8 1.0 


Fig. 2(a). Lattice constants of (Mn,Fe,Ni,)Fe.O, 
solid solution. (the lattice constant of NaCl, 
5.640 A, is chosen as the standard). Lines show 
a=(8.518—0.125y—0.176z)A, in which zg is taken 
as a parameter. 
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stant were investigated at room temperature 
by X-ray analysis. Except in the region near 
Ni-ferrite (Shown as x in Fig. 1), where the 
spinel phase exists together with another 
phase, all specimens (© in Fig. 1) have the 
spinel structure and their lattice constants 
depend linearly on the composition: the lattice 
constant of a specimen, the composition of 
which is expressed as (Mn.-FeyNi-)Fe:O;, where 
x+y+z=1, is approximately shown as 


a=(8.518—0.125y—0.176z)+0.005 A. (1) 


Here the lattice constant of NaCl, 5.640A, is 
chosen as the standard.‘’) The comparison 
between experimental results and the equation 
(1) is shown in Fig. 2(a). 
(2) (Zn1-yF ey) Fe204 

All specimens investigated have also the 


spinel type structure and their lattice constants 
are a@=(8.445—0.052y)+0.005A (Fig. 2(b)). 


ZnFe,0,4-Fe,O,4 


constants of 


Fig. 2(b). Lattice 


system. 


$4, Experiments on the Ferromagnetic Cry- 
stalline Anisotropy 


(1) Method 

Usually the ferromagnetic crystalline ani- 
sotropy energy with cubic symmetry is 
expressed as E = Ki(@1?a@2? + a2?az? + as;?a;?) 
+ Kra;2ae2a3, where (a1, a@2,@3) iS the di- 
rection cosine of the magnetization. The con- 
stants, Ki and Kz, were measured in the 
temperature range between 90°K and 300°K 
by observing the torque exerted on the 
spherical specimen (about 1mm in diameter) 
set in the uniform magnetic field. Specimens 
were set by the X-ray method so as to rotate 
about [110]- or [100]-axis within the accuracy 
of +1°. The magnetic field was 3500~10500 
Oe. 

At room temperature the observed torque 
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curve agreed to the curve calculated with 
Ki-term only, except in the case of small Ki. 
K2-term had to be taken into account to ex- 
plain the torque curve of some specimens at 
low temperatures. 

(2) Results 


(a) (MnzFe, Ni) FeO. 

The dependency of Ki on the temperature 
of each specimen and on the concentration 
of three binary systems, MnFe.0,-FesQ., 


5. 


Temperature dependency of kK, of 
MnFe,0O,-Fe;0, system. 


(2) 


K)-1Oerg/ec 


Mnojis Nioiz Fezea 


=|) 

Fig. 3(b). Temperature dependency of kK, of 

NiFe,O,-Fe,;04, system, and effect of small Mn 
addition (V). 
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NiFe.O.-Fe;0, and MnFe20.-NiFe:0., are 
shown in Fig. 3(a), (b), (c) and Fig. 4(a),- (b), 
(c). Ki at 290°K and Ki and Ke at 90°K are 
tabulated in Table II. 

In most specimens, except NiFe2O.-FesO. 
system, K, decreases with decreasing temper- 
ature. The special character of NiFe2Ou- 
Fe:,O. system, in which Ai increases with de- 
creasing temperature and goes from negative 
to positive, will be discussed in §5. The ad- 
dition of MnFe,0O, makes this phenomenon 
disappear as seen in Fig. 3(b). The appli- 
cation of magnetic field during cooling of the 
specimens shows no effect on this anomaly. 

Penoyer and Shafer’s data?) on MnFe.Os- 


300 


se) 


S -10 Mino34Niogo Fea, 

& Mnos7NioseFezo7 Oa 

fe) 

= Mnoze Nioea Feiod Oa 


Fig. 3(c). Temperature dependency of K, of 
MnFe;0,-NiFe,0, system. 


Ki-iO* erg/cc 
5 


720, 


Fig. 4(a). 
MnFe,O,-Fe,0, system. 


Concentration dependency of KG OL 
©: 2902 Ky ie o0cke 
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Fe;O, system accord with ours. It is noticed. 
that Ki of Mn esFee 3204 is positive at room. 
temperature and becomes negative at low 
temperature. The systematic study on other 


—e 


8 NiFezOa 


Ki-!O*erg/cc 


Concentration dependency of K, of 
Os ZWAS Az dgIPiK 


Fig. 4(b). 
NiFe,O,-Fe;0, system. 
file SOME. 


04 NiFeeO4 


0.6 


MnFe204 
O 0.2 0.8 


<4 
KON’ CHOSO, 


Fig. 4(c). Concentration dependency of K, of 
MnFe,0,-NiFe,0, system. ©: 290°K, (7: 90°K. 


1961) 


ferrite solid solutions has not been presented. 
Bozorth et al*) reported on Nio sFe2 20. that 
the anisotropy measured by the torque method 
was nearly the same at room temperature 
and at 77°K. This is consistent with the 
character of NiFe2O.-Fe;0, system mentioned 
here. 

The observed concentration dependency of 
the anisotropy will be discussed in §5. 


Table Il. Ky, and Ky of (Mn,Fe,Ni,)Fe,O, at 
290°K and 90°K. 

Composition | at 290°K | At 90°K 

of specimen 
Mn | Fe | Ni | K,-10-4 | K,-10-4 | Ky-10-4 

La oo i erp/ee | erg/cc erg/cc 
0.00 3.00 0.00 —14. 
0.40 2.60 0.00, — 5.0 ie: 
O50 12561800049 424.670) 10.7 
OrGsat2 37 0001 14--0,6" | = 2.3 
Eats 0.001 40.9} "8.9 WI So) 
0:85] 2.15) 0.00) —0.5 | —2.9 
0.95 | 2.05/0.00} — 2.5 | —12.3 oe 
1.15 | 1.85 | 0.00) — 3.3 | —19.0 
PMG BOsNO. 20.1821 Ga71 We AD2,3— | oer 9: 
0.00 | 2.65 | 0.35 | — 3.3 | + 7.9 | —10. 
ORO 622487 | -O252!| 08/2 bist ded) 12: 
0:00 2.25 | 00754. = .3.8) | 0:5 | —19. 
Depa Oe ea 4.10 13.5] —10. 
DESMO. SG ke a 5.0. | 1927 ol) a 0), 
0.34 | 2.06 | 0.60} — 5.7 | —10.4 
Ou1ON We: 64 OZ Ale Ss 5790 |e IA4i3 0. 
0.40 | 2.40] 0.20] — 3.9 | —12.0 26 
Os 7222880204 S28) S0985 es 
OA2082-404 C40) = 62 ey 
Orso 223, (0139 (= a4 | 1055 ees 
OM7| 2225 | 0.58)" —- 4.7 | — 6.6 29) 


Table II]. K;, of (Zni_,Fe,)Fe,O, at 290°K 

and 90°K. 

Composition 

of specimen K,-10-4erg/cc | K,-10-4erg/cc 
at 290°K at 90°K 

Zn Fe 

1—-y 2+y 

0.16 2.84 —9.0 —15.9 

0.30 PATO) —5.0 —21.3 

0.48 yl 5¥ —1.2 —15.3 

0.61 Hee) —0.7 — 9.2 
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(b) (Zmi-yFey) FeO. 

The temperature and concentration de- 
pendency of Ki of (Zni-,Fey)Fe:Os system are: 
given in Fig. 5 and 6, respectively. Except 
the case of y=0.84, where the increase of 


100 


ZnoeiFe 23904 


[ 


ZNoasFe25204 


K,: 104 erg/ec ———— 
' 
a 


=f) 


Fig. 5. Temperature dependency of K, of ZnFe:O.. 
Fe;0, system. 


Fes0, 0.2 O04 06 08 
0 


ZnFe20s 


Ki- 10 “erg/cc — 


Fig. 6. Concentration dependency of K, of 
ZnFe,0,-Fes0, system. ©: 290°K, []: 90°K. 
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K, at low temperatures may be attributed to 
the short range order of Fe®+ and Fe**- (§5), 
all specimens show the normal temperature 
dependency. If the effect of short range 
order is neglected (shown as the dashed curve 
in the figures), | Ai| at a fixed. temperature 
decreases with the decrease of FesO, con- 
centration. The cause of this tendency is 
naturally understood as a result of the break- 
ing of the simple Néel model with increasing 
of ZnFe:O; concentration. ZnFe2O. is not 
ferromagnetic, so that it has no ferromagnetic 
anisotropy. 

(c) M0 .13F 2.310% 

The temperature dependency of Ki of 
‘Mego 1sFez.s7O. is shown in Fig. 7. This speci- 
men is taken out from the furnace at about 
1400°C and cooled rapidly in the air. As is 
sshown, Ki increases and becomes positive at 
low temperatures. Folen and Rado* reported 
that Ki vs. temperature curve of Mgo ;Fes ;Ox 
showed a minimum at 180°K. From these 
results we conclude that MgFe20.-Fe:O. system 
sshows a similar (but smaller) dependence of 
Ki(T) on the concentration compared with 
‘NiFe20,-Fe:0O: system. 


5 


i 
oO 


Ki 10 “erg/ec 


US) 
la, Th 


Temperature 
Mo .13Fe2.7O4 . 


dependency of kK, of 


‘$5. Discussions on Anisotropy 


It is well known that the one-ion model has 
‘been proved successful in the theory of the 
ferromagnetic crystalline anisotropy of fer- 
rites.” 

(1) First, the temperature dependency of Ki 
of NiFe.Os-FesO. system is explained. It is 
shown by the chemical analysis that the 
phenemenon is not due to the Co-impurity 
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and can be regarded as the real nature of 
this system. Ni?+t-ions at A-site can contri- 
bute to the large positive Ki like Co**-ions 
at B-site, but the magnetization at 0°K is 
contrary to such a kind of ion distribution. 

The abrupt change of the anisotropy of 
Fe;04,, observed at the temperature region 
just above the transition (about 120°K), is 
attributed to the electronic short range order 
of Fe?+ and Fe**+ on the B-site of the spinel 
lattice). This character is known to remain 
as well when the small amount of other 
ferrite is added to magnetite. Zno.16Fe2ssO« 
in Fig. 5 is an example. The characteristic 
temperature dependency of Ki of NiFezOs- 
Fe;O, may also have the same origin. It is 
reasonably understood from this view point 
that this character is more remarkable in 
Fe;0, side than NiFe2O, side in this system. 
Similar character of MgFe2O.-Fe;O. system, 
which is stated in § 4(2)(c), can be attributed 
to the same origin. In order to explain the 
experimental results (the effect of addition of 
MnFe.0., Fig. 3(b)) completely, it is necessary 
to assume further that Mn-ion suppresses the 
growth of the short range order. 

In the case of ZnFe:O.-Fe;O, there are only 
Fe?+ and Fe*+ on B-site, since Zn?+-ion is 
believed to occupy A-site. The ionic distri- 
bution of magnetite side of MnFeO.-FesO, 
system is, probably, similar to this case. On 
the contrary, in the case of NiFe2Ou-Fe:O. or 
MgFe:0,-FesO,, there are foreign ions, Ni?+ 
or Mg?*, on B-site. The abnormal character 
of Ki(7) mentioned here is smallest in ZnFe20,- 
FesO. or MnFe:O.-FesO, systems. That is, 
the short range order of Fe?+ and Fe?+ is 
favourable in the circumstances of the presence 
of foreign ions, Ni?+ or Mg?+, on B-site com- 
pared with that of Zn?+ or Mn?* on A-site. 
This tendency is consistent with the ex- 
perimental result obtained by Epstein,” in 
which he reported that the change of the 
electric conduction during the low temper- 
ature transition of magnetite become obscure 
more rapidly by the addition of ZnFe.O, or 
MnFe:O; than by NiFe2Os or CoFe:0,. 


(2) General concentration dependency of the 
anisotropy of MeFe2O.-Fe;Os system 

(a) If we substruct from the observed 

anisotropy the large positive contribution of 

electronic short range order at low temper- 

ature described in (1), the qualitative relation 
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of Ki vs. composition of NiFe2O.-Fes;O. system 
may be represented by that at room temper- 
ature in Fig. 4(b). It is remarked that the 
Curie temperature is nearly the same for this 
system. In such a situation NiFe20.-Fe;O, 
system has qualitatively a common feature 
as MnFe.0.-Fe:O. system, which is also the 
feature of the ternary system (Mn-Fe,Ni.)- 
Fe:O.: with the increase of FesO. concent- 
ration, Ai first increases and after passing a 
maximum it tends to decrease. 

(b) In the case of (Zni-yFe,)Fe2O., although 
the break of the simple Néel model should 
be taken into account, it is well known from 
the measurement of the magnetization that 
this model is still correct in the range of 
y=z0.7. If the simple Néel model is imagined 
to hold over the whole range, the anisotropy 
of ferromagnetic ZnFe:O, will be 2Kyr.%+, 
twice of the contribution to the anisotropy 
of Fe*+ on the B-site, compared with the 
anisotropy of NiFe:0O:., which is given by 
Kri++Krit (it is concluded theoretically 


that the contribution of Ni?*+ on the anisotropy 
is very small’). According to Folen and 
Rado”, KAret >0 and Kps+<0. As Ki of 


NiFe.O, at 90°K is about —9x10‘erg/cc, the 


anisotropy Of ferromagnetic ZnFe2O, is esti- 
mated as follows: 


Kanre,o,= 2K re3+ < 2( Kee3t + Kpe3+) 
= 2Kyire,o,= —18 x 10 erg/cc. 


The chained curve in Fig. 6 indicates the 
qualitative dependence of the anisotropy on 
the concentration at 90°K on the assumption 
of ferromagnetic ZnFe:O, mentioned above. 
It shows a maximum like the case of (a). 

(c) According to the simplest assumption 
that each cation at a given lattice site has 
the specified anisotropy independent of the 
presence of the other kind of cation and the 
substitution of metallic ions are made mo- 
notonously on each site, it is expected that 
Ki, depends linearly on the composition. How- 
ever, contrary to such an expectation, non- 
linear dependence of Ki on the concentration 
of Fe;O., is a general character of the ani- 
sotropy of MeFe20.-FesO, solid solutions as 
mentioned above. It is suggested!” that it 
can be ascribed to a special character of 
Fe?t-ion in a crystalline field, giving rise to 
either positive anisotropy or negative one. 
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(3) MnFe2O.-NiFe:O. system 

MnFe:20, has 80% normal spinel structure 
as shown by the neutron diffraction experi- 
ment. But, for MnFe2O.-NiFe2O:, system, 
there is no data on the ionic distribution. 
We can see in Fig. 4(c) that the concentration 
dependency of the anisotropy is monotonic, 
in contrast to that of ferrite system con- 
taining Fe?+ ions. 


§6. Conclusions 


By the analysis of the experimental results 
on the ferromagnetic crystalline anisotropy 
of (MeFe:0:)1-y—(FesO.)y ferrite solid solutions, 
where Me=Mn, Ni, Mn-Ni, Zn or Mg, two 
problems are pointed out: 

(1) In most cases, the anisotropy constant 
decreases (increase of the absolute value of 
negative anisotropy) with decrease of temper- 
ature. But, for Fes,O.-rich specimens it in- 
creases after passing a minimum and this 
tendency is remarkable in the case of Me=Ni, 
less remarkable in Me=Mg and least in Me 
=Mn, Mn-Ni or Zn. This increase of the 
anisotropy at low temperature is mainly at- 
tributed to the electronic short range order 
of Fe?+ and Fe*+ on the B-site of the spinel 
lattice. 

(2) If the increase of Ki at low temper- 
atures mentioned in (1) is substructed, the 
concentration dependency of the anisotropy 
shows a maximum and is attributed to the 
special character of the contribution of Fe?'- 
ion to the anisotropy. 


Acknowledgment 


The author wishes to express his hearty 
thanks to Prof. Z. Funatogawa for his en- 
couragement throughout this work. He is 
indebted to Mr. T. Karasawa and other 
members of Tokyo Denki Kagaku Kogyo Co. 
and Dr. K. Inoue of Nippon Discharge Ma- 
chining Laboratories, Inc.. Thanks are also 
due to Dr. M. Tachiki of Osaka University 
and to Mr. Y. Gondo and Mr. S. Usami in 
our laboratory for their valuable discussions. 
This work is partly supported by the Scientific 
Research Expenditure of the Ministry of 
Education. 


References 


1) Z. Funatogawa, N. Miyata and S. Usami: J. 
Phys. Soc. Japan 14 (1959) 1583. 


1298 

2) R. F. Penoyer and M. W. Shafer: J. Appl. 
Phys. 30 Suppl. (1959) 3155S. : 

3) N. Miyata: J. Phys. Soc. Japan 16 (1961) 206. 

4) National Bureau of Standard Circular 539 2 
(1953) 41. 

5) R. M. Bozorth et al: 
1898. 

6) V. J. Folen and G. T. Rado: 


Phys. Rev. 99 (1955) 


J. Appl. Phys. 


Nahonori MIYATA 


(Vol. 16, 


29 (1958) 438. 
7) K. Yoshida and M. Tachiki: 
Phys, 17 (1957) 331° 
8) S. Chikazumi: unpublished. 
9) P. A. Miles et al: Rev. Mod. Phys. 29 (1957) 
294, 
10) M. Tachiki: 


Progr. Theor. 


private communication. 


. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 7, JULY, 1961 


Polarization Waves in Solids 


By Tatsumi KUROSAWA* 


The Institute for Solid State Physics, 
University of Tokyo, Tokyo, Japan 
(Received January 30, 1961) 


A general theory of the polarization waves in crystals is developed in 
connection with the optical and the dielectric properties of the crystals. 
The result includes, in more general form, the relations by Szigeti and 
Frohlich about the lattice vibrations in ionic crystals and the theory by 


Heller and Marcus for the exciton. 


The theory is applied to the analysis 


of the infra-red data of BaTiOs3-type crystals. 


Introduction 


§1. 

Polarization waves in solids are concerned 
with a wide range of phenomena in solid 
state physics. The transverse modes of the 
polarization waves interact with light and 
determine the optical properties of the solids. 
The longitudinal modes interact with the 
electric field caused by charged particles are 
interchange the energy withthem. The polari- 
zation waves are also responsible for the di- 
electric properties of the solids. Thus, it is 
expected that there may be relations between 
these phenomena, for they come from the 
same origin, the polarization waves. In fact, 
several authors, for instance, Szigeti!, Froh- 
lich?’®) and Mott*’, derived several important 
relations between them. 

In this paper, the polarization waves in 
solids are treated from the above-mentioned 
standpoint. everal phenomenological rela- 
tions unknown previously are derived, and 
some known facts are interpreted from a 
viewpoint different from that used hitherto. 


* Present address: Faculty of Engineering, Chuo 
University, 1-1 Koishikawa-cho, Bunkyo-ku, Tokyo. 


In §2, a general theory of the lattice waves 
in ionic crystals is developed; the results in- 
clude the relations derived by Szigeti and 
Frohlich, in more general form. In §3, the 
theory of §2 is applied to alkali halide and 
BaTiOs-type crystals. In the latter cases, the 
result from the simple ionic model is found 
to be in large disagreement with the experi- 
ment, and a tentative interpretation based 
upon the ionic model is done in Appendix. 
In § 4, several problems with respect to the 
electronic polarization waves are treated simi- 
larly as in § 2; for instance, the well-known 
theory of the exciton by Heller and Marcus 
is re-interpreted from a different viewpoint. 


§2. Theory of Lattice Waves in Ionic Crystals 


A theory of the lattice vibrations in simple 
ionic crystals has been developed by Szigeti”. 
We shall extend the theory to more compli- 
cated crystals, e.g. perovskite type crystals. 

Let the number of atoms (ions) in a unit 
cell be m, and we enumerate them 1, 2, ---, 7. 
In the first place, we take up a needle-like 
sample of the crystal. Let us imagine that 
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the ions displace in the direction of the 
needle. Let the displacements of the ions 
1,2, +++,” be x1, x2, +++, xn respectively. The 


polarization is induced as the result. If the 
displacements are small the induced polari- 
zation must be represented by a linear func- 
tion of themft; 


PAN Sei ke, (2-1) 
where N is the number of the unit cells in 
unit volume. Of course 

22 a0) (227) 


Generally speaking, e;*’s are tensor and the 
direction of the polarization does not neces- 
sarily agree with that of the displacement. 
However, such a generalization is rather 
trivial and useless. Hence we assume that 
e:*’s are scalar and the direction of the polari- 
zation agrees with that of the needle. Thus, 
there is no electric field in the crystal. 

In the next place, let us consider the case 
that there exists an electric field FE in the 
crystal. If the ions are held undisplaced at 
their original positions, the polarization is 
given by 

1 
Ai 


where «» is the high frequency dielectric con- 
stant. If the ions displacett, the polarization 
is given by 


ah lat 
a Ai 


Po=—— (Ho—-1)E , (2-3) 


(rp) Ba N >, ee" Xt, (2-4) 
because there is no cross term. This equa- 
tion does not depend on the shape of the 
sample; the effect of the shape is represented 
by the depolarization field and included in E£. 
The first term is purely electronic and the 
second term is due to the displacements of 
the ions. 

The static dielectric constant « is deter- 
mined as follows: We write the energy in- 
crement per unit volume due to the displace- 
ments %1, %2, °°, %n (H=0) as 


+ The state of the polarization due to the dis- 
placement may be very complicated; the polari- 
zation due to the displacement of the 7-th ion comes 
from not only the i-th ion but also the induced 
polarization on the other ions. If the displacements 
are small, however, the general form of the polari- 
zation is given by Eq. (2-1). 

it We regard the displacements as variable ir- 
respective of the electric field. 
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4 

2 
When the electric field E exists, the interac- 
tion energy between the electric field and the- 
polarization should be added; 


—(P—P))E=—EN > ec*xs . 


NS S15%0%5 5 
a,j 


The equilibrium displacement x;° under the 
electric field is determined by the condition. 
of minimum energy. Thus x;°’s are given by 


Doky Se T= Vel Sy OES) 
j 


Furthermore, if the electric field oscillates. 
with a frequency 


> Si5%)°(0)— Miw*xi(w)=e:*E , (2-6): 
) 
where M; is the mass of the 7-th ion. «(w): 
is given by 
k(w)=Ko +(1/E)-42N > ev*xi9(w). (2-7) 


Next, we consider the polar mode lattice 
waves with sufficiently long wavelength; long’ 
compared with the lattice constant but short: 
compared with the size of the sample. In. 
this case, the following relations are well-. 
known”: for the transverse wavesttt 


E=\e (2-8) 
and for the longitudinal waves 
E=—4nrP, (2-9) 


where P is the polarization due to the wave. 
Therefore, writing the displacement of the 
i-th ion as x: exp (i:t), we have the equation. 
determining the frequency of the transverse: 
waves; 


D Si3tj—-Mi2irxi=0 , (2-10) 
J 
and of the longitudinal waves; 
D> Sij¢3—-Mi2Pma=—4re*P , (2-11)» 
vi 
where 
P=N 3 ext — (q—1(—4eP), 
a 7 
or 
Paes Ty. (2-12) 
Ko 7@ 
Therefore, Eq. (2-11) is rewritten as 
4zN 


D Sigxy+ er* > es*x;—-Mi2?xi=0 : 
j j 


(2-13) 


Ko 


ttt Here we restrict ourselves to such a case that 
the long polarization waves can be divided into the 
longitudinal and the transverse waves. 
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because the electric field —4zP acts as a re- 
storing force, the frequency of the longi- 
tudinal waves is generally higher than that 
of the transverse ones and the difference is 
proportional to e*?, 

We write the eigenfrequencies of Eq. (2-10) 
as Q11, Qi2, +++, Bin-1 (we ignore another eigen- 
frequency ,=0 which corresponds to the 
acoustical mode) and the eigenvector belong- 


ing to Qy aS Xv, +++, Xnv. The ortho-normal 
‘condition is 
SS Mixivxiv= Adv ’ (2.14) 
where A is a constant. 
The u-dimensional vector (%1°(@), ---, Xn°(@)) 


in Eq. (2-6) can be represented by a linear 
combination of the eigenvectors (411, «++, Xnyv)’S; 


xi°(@)= >) avl@) xiv 


oye ull 7... 


Inserting this into Eq. (2-6), multiplying xi. 
and summing over 7, we find that 
E 
a(o)= Kops SS (Za Aa é 
By remembering Eq. (2-7), we have the fol- 
lowing dispersion relation: 
oo Ci Kin)? 1 
mo) =Ko+4nN > SMa? 2 


tv? — w? j 

(2-15) 
If there are only two ions in a unit cell as 
alkali halide crystals, this is simplified as 
follows: 


K(@)= re ee : 
—@?) ’ 


Wa? sae 


where 4 is the reduced mass of the two ions. 
By substituting the expression 


w= SS byXiv . 
y 


for «x: of Eq. (2-13), we obtain 

4zN 
A(2ivr-—21?)Ko 
By multiplying e:*xi, and summing over 7 and 
v, we have the equation giving 2; 


y= 


Ds OF XG D>, Co Key « 
J v 


AxN (Se ei xy)? i : 
to Silken, G Sot ee 
Comparing (2-17) with (2-15), we see that 


This relation can be derived directly from 
Eq. (2-9) which states that D=0*). In general, 
Eq. (2-17) has n—1 roots. We write them as 
2u,--+,2m1. It is easily found from Eq. 
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(2-17) that 
2i< Buc Biwe< (2-19) 


The equality happens when .2’s degenerate. 

Let us note that «(w) has the following 
properties: (1) «(w) has the poles at 21, ---, 
Qin-1. (2) K(w) has the zeros at Qu, ---, Qin-t. 
(3) «(w) tends to «5-for large w. Therefore, 
if we take the summation of (2-15) over v in 
the following form: 


Ase <Qin-1< 2im-1 . 


n—1 


Sy cro® 

oj=—— ah 2-20 
k(@) Th(2n* 08) (2-20) 

this must be factorized as follows: 

2 2 ee 
e(o)=o (B=) (2-21) 
Especially, if we put o=0, 

epi Br? (2-22) 


Ko vy Dry? 
This is a generalization of the well-known 
similar relation in the diatomic case”. 
By comparing the coefficients of w?”-‘ of 
(2-20) and (2-21), we find a relation; 


. pk 
4iN aaa =Ko Sy(Qiy?—Qiy®) (2:28) 
On the other hand, the vector (é:*, ---, @n*) 


can be expanded by the vectors (Mixw, ---, 
Mnrxny)’s; 


1 
ON = (Sa €5*X jv) Mixir . 
By multiplying this by e:*/M; and summing 
over 2, we have 
*K2 
Ths iv 2= A. ZA 
2 (Ce Xiv) DY Vae: 
Thus, Eq. (2-23) becomes 
yee 
4nN 2: ain =Ko > (Qi? — Qi?) 2 (2-24) 
a t v 


Here, we shall comment on the relation be- 
tween the present e:* and the effective charge 
és* introduced by Szigeti. We may define 
his effective charge by writing the polariza- 
tion in a spherical sample of a diatomic cry- 
stal as Nes*x when the positive and the nega- 
tive ions displace homogeneously with the 
relative displacement x. According to the 
present viewpoint, the polarization of the 
spherical sample is given by 


past (s—1)( —EP +N Sette, 
14 3 
from Eq. (2-4), 


because the depolarization 
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field in the spherical sample is (—4zP/3). 
Or, 
3 
pe 
Ko +2 
In the diatomic case, writing :—x,=x and 
ée:1*=—e,*=e*, we have 


LN er Xe (2-25) 


3 
io * s 
es GED ene (2-26) 
and in general 
3 
cS get 2-2 
i Kot2 ‘ ( ? 


Combining Eqs. (2-16) and (2-26), we get the 
relation derived by Szigeti; 
eam +( Ko +2 ,; 47 Nes*? 
3 Bae 
Similarly, if we write the polarization due to 
the longitudinal wave as 


P=N > eu*xi , 


(2-28) 


we obtain 
ex* 


Ko 


le (2-29) 
This agrees with the effective charge intro- 
duced by Callen® in the diatomic case. 

In some cases, és* is appropriate to discuss 
the microscopic properties of the polarization. 
On the other hand, the present e:*, which 
corresponds to the effective charge of the 
transverse wave, is more directly related to 
the optical and the dielectric properties of 


bait cE 1 ke w 
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Fig. 1. General features of the dielectric con- 


stant, the optical absorption and the reflectivity 
of crystals. 
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the crystal as seen from Eq. (2-15). 

According to Eq. (2-15), the general features 
of «(w) are schematically as Fig. la and the 
optical properties become as Fig. 1b and Ic; 
the absorption intensity has peaks at 2;’s and 
the peak height is proportional to (3 e:*x:)?/ 
> Mixi?, the crystal shows the metallic re- 
flection when «(@)<0 and the reflectivity is 
zero at 2, where «(2,)=1. 


§3. Application of the Theory 


Alkali halide and other simple ionic crystals 
For these crystals, the analysis by Szigeti!” 
and Frohlich?) has been known, and we have 
little to be added to them. We tabulated the 
values of e* and es* in Table I for reference.. 
As Szigeti has pointed out, es*/e should be an 
integer if the simple ionic model were a good 
approximation’. We have shown that the 
deviation of e;*/e from an integer may be 
interpreted as brought by the short range 


Table I. The values of the effective charge. 
e* @s* e* es* 
LiF a2 0.86 RbCl oe 0.84 
NaF 1.16 0.93 RDB ra een 0.81. 
NaCl 1.06 OMS CsCl 132 0.86, 
NaBr 1.08 0.70 CsBr 1.29 0.81. 
Nal Te6 0.71 AgCl | 1.58 0.79: 
KCl 1.09 0.79 ABI 2.60 1.10, 
KBr 1.10 0.76 CuCl 2.04 it ig) 
KI 1.08 0.69 MgO 2.90 1.76 


| 
| 


Table II. Comparisons between the calculated r 
from (3-1) and the observed r. 
Kk 

df 7 Ko 

o cal. obs. 
NaCl 61.1 | 31 Qo 5.86 5.62 
TICl 117 ~45 DalO 28.00 31.9 
ZnS 33 24 5.07 8.69 Bact 
Cdie 69 58 eye) | ange salt 


+ Through the present paper, we mean by the 
term “simple ionic model” that the binding is 
perfectly ionic and the interaction between the 
polarizations can be expressed only by the Lorentz 
correction, and by “ionic model” we take into ac- 
count the short range interaction energies between 
the polarizations especially the cross terms like 
Bijxip;, where pp; is the electronic polarization of 
the j-th ion. 
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-interaction energy due to the interionic over- 
‘lapping which causes cross terms between 
‘the ionic displacement and the electronic 
polarization, at least in the case of the alkali 
halide crystals®. 

In order to verify the theory’ of §2, we 
-compare in Table II the dielectric constant 
.£ obtained experimentally and that calcu- 
_lated from the following relation: 
ope 
Qe” 

-and from the observed values of «, 2; and 
_2,,?+ where the above relation is a special 
-case of the more general relation; 


£k—1=(«o—1) 


Lama? 
Aone =e 


v Qi —w? ; 
~this can be derived similarly as Eq. (2-21). 
BaTiO: and the related crystals 
We take up these crystals, because of the 
comparatively satisfactory experimental data 
.about them as well as their peculiar dielectric 
-properties. 


(3-1) 


Fig. 2. The crystal structure of BaTiO; crystal. 


These crystals have five ions in a unit cell 
sand have fifteen independent modes of the 
lattice waves; three acoustical and twelve 
optical. However, three optical modes _illus- 
‘trated in Fig. 2 (two oxygen ions oscillate to 
‘the opposite direction with the same amount) 
have no dipole moment and are optically in- 
active. Thus, there remain three longitudinal 
modes and 3x2 transverse modes for suf- 
ficiently long waves. Last® has observed two 
absorption peaks (2) and two reflection 
minima't (2,) for BaTiOz, SrTiOz and PbTiO; 
crystals. Furthermore, we can guess that 
the one more 2; may be nearly zero from 


tT We have used 2,, because it can be more 
easily determined than 2, from usually available 
experimental data. 

tt The reflection is not perfectly zero because of 
ithe absorption tail at 2,. 
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their quite large «. The one more 2, has 
not been observed. We tabulated them in 
Table Ill. If 2 were observed, we could 
determine (>) e:*xi)?/>, Mix:?’s of three modes 


using Eq. (2-15)'tf. Furthermore, if a quite 
precise measurement using the isotopes were 
performed, it would be possible to determine 
the e:* of each ion separately. Although it 
is also possible to estimate the (>) e:*xi)?/ 
S| Mix? from the absorption intensity, prac- 
tically the reliable determination is difficult. 


Table III. (cm-}). 


| SrTiO; BaTiO; PbTiO; 
Qu | ~0 ~0 ~0 
baniea ? ? ? 
22 395 400 405 
Dy | 490 475 455 
243 | 610 | 545 590 
Da | 890 800 (800) 
Table IV. The values of 4xN >i e:*?/M(108 cm-?). 
From the infra-red | From the simple 
data tonic model 
SrTiO; 2.26 ~ 2.96 17.4 
BaTiO; | 1.95~2.71 10.6 
Pb T10s | 2.02~3.00 PS} 
Nevertheless, we can derive an inequality 


about the effective charges. In the same way 
as the derivation of Eq. (2-24), we have 


4nN > eae =(Ko—1) ey (Qry? — 21y?) 25 
7 Mi; y 

On the other hand, clearly 

212 > 2ri > 210. 


Thus we have the upper and lower limits of 
the >) e:*?/M; (Table IV). 


(3-2) 


itr In the case of BaTiO; crystal, it may help the 
understanding to imagine the following process: 
When the BaTiO; crystal is compressed the curie 
point 7; is lowered because of the increased inter- 
ionic repulsive forces. If the compression is con- 
tinued, the 7, will be lowered down to 0°K and 
the crystal will lose its ferroelectricity. We may 
expect, however, that rather a small contraction of 
the lattice constant (about 2~3%) and rather a 
small increase of the repulsive force is sufficient 
to remove the ferroelectricity on the one side and 
causes no appreciable change of the other proper- 
ties; 2;, @,, 2, and e;* on the other side. 
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For comparison, we calculate’the ¥ e*?/M; 
assuming the simple ionic model, where e;*’s 
can be calculated by the following process: 


e*=Liet Dd ji (3-3) 
j 
and 


pi=m 15X35 ; (3-4) 


where Zi, xi, pi are the valency (e.g. Zrj= 
+4), the displacement and the electronic 
polarization of the i-ion respectively. fi is 
given by 

pi=aiF; (3-5) 
and 


Fi=N{> Lispit & LijZ5e(%j—%1)} , (3-6) 


where a and F; are the polarizability and 
the local field. The coefficients Li;’s are 
given by many authors’, for instance when 
p—Aniet andj Olen, Lij—47x<2.121.. We caleue 
lated >) e:*?/M;’s (Table IV), by substituting 
for a: the following values: 0.2 (Ti‘t), 1.6 
(Sta) ee D (Bate er oule (Pbit) anda? 2 <10n24 
cm? (O--).! The values of Sie*?/M:; from 
the infra-red data are only 1/5~1/4 times of 
those from the simple ionic model, although 
the above polarizabilities are consistent with 
ko. On the other hand, in the case of alkali 
halide crystals, if we assume the simple ionic 
model as above and take the polarizabilities 
as consistent with x), e* is given by 


e=(A Je 


Thus the ratio of the infra-red value to the 
simple ionic model value of Sie’***/M; is 
(es*/e)?, that is about 0.5~0.9. In this case, 
we have interpreted the difference by the 
effect of the short range interaction energy 
between the ionic displacement and the elec- 
tronic polarization of ions; the displacement 
works to induce the electronic polarization 
with the opposite direction through the over- 
lapping between ions. However, the ratios 
1/5~1/4 seem too small to be interpreted by 
the same effect. 

The experiments about the spontaneous 
polarization of BaTiO: are also consistent 


+ The values for Tit+, Sr++ and Bat+ are taken 
from the paper of Tessman, Kahn and Shockley’, 
that of O-- ion is adjusted to give the optical di- 
electric constant #9 of BaTiO3; and SrTiO; and that 
of Pb++ ion is taken to be consistent with xo of 
PbTiO;. 
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with the present analysis about the effective 
charge. The spontaneous polarization is given 
by 


P.=N Dev*xe , (3-7) 


where xi° is the spontaneous displacement of 
the 7-th ion and has been determined from 
the experiments of the neutron"? or the x-ray 
diffraction”, Although e;* of each ion is not 
known, we have an inequality; 


Pas(N Sette <N* SS 5 Mew 
uv 4 4 a 
(3-8) 


By substituting for xi*’s the values from the 
neutron diffraction experiment, we have 


Ps;<31 microcoulomb/cm: . 


The x’s from the x-ray diffraction give 
nearly the same result. The direct experi- 
mental value of Ps by Merz) is 26 micro- 
coulomb/cm?. The spontaneous displacement 
xi® can be regarded as brought by the in- 
stabilized transverse vibration mode with the 
lowest frequency 2:1 and as again stabilized 
by unharmonicity. Therefore, if the (S e:*xi)?/ 
» Mix? of the 2:1 mode were known, the P; 
could be estimated more precisely; 
(> er*xi)? 
Pea | xX > Mixikt?. (8-9) 
0 2,,mode 
Nevertheless, the inequality (3-8) is consistent 
with the experiment. 

There may be two possible standpoints in 
interpreting the difference between calculated 
(simple ionic model) values and the observed 
(infra-red) values of the effective charge; one 
attributes the disagreement to the homopolar- 
binding, and another interprets it within the 
range of the ionic model. Although it is not 
within the scope of the present analysis to 
discuss this problem, a trial upon the latter 
standpoint is done in Appendix. 

It may be allowable to interpret a ferro- 
electric crystal as a crystal of which the polar 
mode lattice wave of k=0 is unstable (in the 
first approximation) and an antiferroelectric 
crystal as a crystal of which a lattice wave 
of k+=0 (e.g. at the zone boundary) is un- 
stable, in the case of the ionic crystals. 
Generally speaking, the k-dependence of the 


frequency of the polar mode lattice wave is 
rather small and has complicated properties, 
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therefore the theoretical prediction whether 
a crystal is ferroelectric or antiferroelectric 
is a delicate problem. 


§ 4, 
It is possible to apply the viewpoints in § 2 
to the case of the electronic polarization waves 
in some degree. 
Notes on the theory of Heller and Marcus 
Let us suppose an atom (or an ion or a 
molecule) under an oscillating electric field 
F with a frequency w. The induced dipole 
moment is 


The Electronic Polarization Waves 


m=a(wo)F , (4-1) 
where let the polarizability a(w) be scalar and 


given by 


2 
é s fi : (4-2) 

Me t+ OF —@ 
The oscillator strength fi satisfies the sum 
rule; 


Bhan ’ (4-3) 


where m is the number of the electrons be- 
longing to the atom. 

In the next place, let us suppose a crystal 
consisting of these atoms and the polarization 
waves propagating in it. The electronic po- 
larization of the 7-th atom is given by 

mu=mo-exp (ikRi—ioxd) . (4-4) 
The relations (2-8) ‘and (2-9) for sufficiently 
long waves are valid also in this case. If 
we neglect the overlapping between the 
atoms, the interaction between the polari- 
zations is only the dipole-dipole one. This 
interaction can easily be taken into account 
merely by considering the local field acting 
on each atom due to the dipole moments on 
the other atoms. For instance, in the case 
of the polarization waves of R=0 in a cubic 
crystal, the local field F is given by 


F=E+P. 


(4-5) 
Therefore, by combining the Eqs. (2-8), (4-1), 
(4-2) and (4-5), we find that the frequency 
2, of the transverse wave in this case must 
satisfy the following relation: 


Ar @O 2 fi 
cere ree 2 —— SSS =| cl 
EE NN erreae Hegre erarg le gen) 
where 
2 
ose, J (4-7) 
Me 
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Similarly, the frequency of the longitudinal 
wave is given by 


_ 20%? tf dies 1 


31 FoF = 22 — ee 


On the other hand, under the same assump- 
tions the dielectric, constant «(w) is given by 


47x Na(o) 
1—(4n/3)Na(o) © 


Comparing Eqs. (4-6) and (4-8) with (4-9), we 
can ascertain that 2,’s and 2:’s correspond 
to the poles and the zeros of «(w) respective- 
ly, as in §2. 

Eqs. (4-6) and (4-8) can be transformed as. 
follows: e.g. in the case of 7=1 


k(@)=1+ (4-9) 


0,3 giharee Lior? rem EVE 2 (4-10) 
3 3 
and 
2hi@y? — 3e"'(.9i1) 
212-—o2= ; 4-11) 
P)°e 7 seBnla? nen Ee: allele 
where «'(@) is given by 
doll, admbie Bien (4-12) 


1—(47/3)Na(@) 
and 
e > fi 


a(o)= , 
Me i=1 Wi7—w? 


that is, «(w) is the dielectric constant due 
to the oscillators other than the m1-oscillator. 
Eqs. (4-10) and (4-11) represent the shift of 
the atomic levels due to the dipole interac- 
tion in the crystal. 

If we put «(w)=1 (i.e. neglect the effect 
of the other levels) and take only the first 
order term of /f:, (4-10) and (4-11) can be 
simplified as 


() 2 
0) =o Si@p 
601 

and 


2 
Bu=wr+ LOE : (4-13) 


M1 
These results agree with the energy of the 
exciton of R=0 by Heller and Marcus”). 

If there are many excited states, however, 
each mode of the polarization waves should 
be represented by a mixture of various atomic _ 
excitations; the dipole moment due to an 
atomic excitation induces that corresponding 
to the other atomic excitations. The latter is 
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superposed on the former and the resultant 4n Ne? F; 
Fool : a) : Kw) =14+ ——— » ——4+—_ 
ipole moment is {«'(2,)+2}/3 times the Me % Qyri—w? ’ 
original one in the case of the transverse 

waves. The local field, that is the variation 
in the restoring force, is proportional to the 
dipole moment, thus we have the factor 


(4-14) 


Fi, corresponds to the oscillator strength of 
the 7-th excitation mode in the crystal; it is. 
proportional to the optical absorption intensity 


{ie(Q,)+2}/3 of Eq. (4-10). and (4-14) has the same form as the expres- 
- sion of «(w) neglecting the local field correc- 
The frequency of the polarization wave Apne 
with an arbitrary R is to be easily found, if AnNe? 
we perform the dipole sum as Lyddane and k(@)=14+42Na(w)=1+ "HEE ae 
Herzfeld!) have done and calculate the local TS Soe 
field at an atom. Comparing (4-9) and (4-14), we have a rela- 
If we express the dielectric constant «(w) as_ tion after simple manipulations; 
(1) 2 2 (1) (1) 2 
r=s{* eae bees a 2] lanl oa (4-15) 
3 9 dw’) Jo=0,, 3 


This represents the change of the absorption intensity in the crystal. The change is caused. 
by the mixing of the other atomic excitation modes. The relation with a similar property 
has been derived by Dexter’. Furthermore, the following relations are readily found: 


Sh=Lh=n, (4-16) 
this is natural, 
Ko)= I Ga! (4-17) 
and 
= 3: (Qu—w8) = & (wt 2:)= Zorg (4-18) 


In the above discussions, we adopted a semi-classical approach. However, so far as the 
interaction between the atoms is the dipole-dipole one and the response of the atom to the. 
electric field is given by (4-1) and (4-2), the above discussions would hold even if the motion. 
of the system were governed by any mechanics; the relations (4-10), (4-11) and (4-15) are 
to be equivalent to the results calculated quantum mechanically up to the higher order terms. 
of the interaction. The response (4-1), however, holds only for sufficiently weak electric. 
fields except the case of the harmonic oscillator. On the other hand, an atomic transition. 
causes finite electric fields on the neighbouring atoms, namely, the electric field due to the 
electronic polarization wave fluctuates up to finite values even if it is sufficiently small on 
an average, such a situation differs from the classical polarization waves. Thus the devi- 
ations from the above relations are expected in quantum mechanics. It is not difficult to 
verify that the above relations agree with the quantum mechanical results up to the terms. 
of fi’s and fif;’s (ij) in the power series expansions with respect to fi’s. It is supposed, 
however, that both do not agree for higher order terms in general.t 

On the other hand, the level scheme given by Eqs. (4-10) and (4-15) is equivalent to the 
expression of «(w) given by (4-9), therefore the deviation from the so-called Lorentz correc- 
tion is expected in quantum mechanics from the order of f* even if the interaction is only 


the dipole-dipole one.it 


t Although it is difficult to investigate quantum mechanically the higher order terms than f? in 
general, we can verify this supposition for special cases, for instance; (1) Two atom system. (2) A 
crystal composed of the atoms with three atomic levels; s (ground state), p and d levels. In this case, 
the exact polarization waves should include d-component as well as s- and p-components at the same 
time differing from the classical polarization waves. (3) In the case of the extremely strong interaction, 
Qi, becomes zero or imaginary (see Eq. (4-10)), but such a behaviour cannot be expected in general. 

tt The same conclusion has been independently obtained by T. Izuyama (private communication). 
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The above discussions are more suitably applied to molecular crystals rather than to ionic 


«crystals. 
local field is not simply given by (4-5). 


‘it is necessary to perform the complicated dipole sum. 


In most molecular crystals, however, the crystal structure is complicated and the 
In order to apply the above theory to these crystals, 


It is rather trivial, however, to 


generalize the theory to these cases unless the practical problems are treated. 

Similarly as above, the dipole moment due to the excitation of an impurity atom ina 
‘crystal induces the dipole moments of the surrounding atoms, therefore the absorption 
spectra of the impurity atom change from those of the free atom; the shift of the frequency 


-and the change of the intensity are caused’®. 
‘General electronic polarization waves 


The properties of the more general electronic polarization waves have been discussed by 
‘many authors?).*).!”, therefore we briefly summarize them from the present standpoint. 
The frequency of the longitudinal polarization wave of k=0 satisfies again the relation; 


K(.21)=0. 


‘So that, if «(w) is represented by the expression like (4-14), 


Me 


An Ne?F; 47 Ne? y Fi 
oi 2—( ——___ a 
Bu Qe1 ( \/4 Asset sree Me a1 ga ea} 


Particularly, in the case of 2::=0, that is in 
‘metals, 21: becomes the plasma frequency of 
‘the electron system shielded by the dielectric 
econstant «(211). 

In general, however, crystals have continu- 
‘ous absorption spectra, hence the roots of 
Eq. (4-19) are complex. In this case, it is 
-appropriate to investigate the relation between 
‘the response of the system to the electric 
‘field E(t) and that to the electric displace- 
ment D(t). The electric current in a crystal 
induced by microscopically homogeneous £(¢) 
.and D(t) is generally given by 


I= Ihe O(t—t)E(t’) dt’ 


=| W(t—t)D(t’) dt’. (4-21) 
‘Clearly, the response functions @(¢) and ¥(¢) 
chave the following properties: (1) 0(7)=¥(f) 
=0, for ¢<0. (2) Ot) and Y(t) arereal. (3) 
‘0(0)= Nne?/me, where Nn is the total number 
‘of the electrons per unit volume, 9(0) is the 
‘current which is induced instantly by the 
‘electric field of d(f) type. By noting that 


D)=E() + An Tt)dt, (4-22) 


~we have 
V()=00)—4n dt O(t— |" dt’E(t). (4-23) 


if we write 


(4-19) 
Ar Ne?F, 
4-20 
mek) (Q11) ° ( ) 
il co 
a= | a(a) e*** dw 
Phe \) sees 
and 
rO=>-\" s(w)et do, (4-24) 
ZIG 


(where o(w)=0*(—o) and s(w)=s*(—@) because 
of the reality of O(¢) and ¥(t)), we have from 
Eq. (4-23) 

o(@) 
1—4zio(w)/a@ ~ 
From the definitions of o(w) and s(), it is 
clear that their physical meaning is that the 
current due to the oscillating E and D with 
the frequency o is given by 


s(@)= (4-25) 


J=o(o)E=s(a)D . (4-26) 
Moreover, because 
PRED eh ps (4-27) 
@ 
the relation (4-25) is equivalent to 
s()= an (4-28) 


This is rather trivial. 
On the other hand, if we put t=0 in Eq. 
(4-23), we have 


v(0)=0(0) = Nv 


(4-29) 


By comparing this with (4-24), we have the 
sum rules; 


if dw) dw\= |; 


0 


7 Nne? 


Sew) do = » (4-30) 
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where o, and s; are the real parts of o and 
S$ respectively. Furthermore, from Eq. (4-25) 


aco ee! 
(63) 


therefore 


ce. jeceese) @)s() 16, «[" 


=\"o («— cht = =| dw 


Rx 


a ie 


Bed an _ _Gr(@) 

\ {e4o) [x(co) |2 Ta do 

or 
|; #Xe) do=|" ote do= NUE steed 254) 
0 0 |<(@)|? Me 


‘On the other hand, the rate of the energy 
loss per unit volume of the crystal, if E= 
E, cos wot and D=D, cos at, is given by 


ow) 
2\«(@)|? 
Thus the relations (4-30) and (4-31) are the 
sum rules concerning the electric current 
and the energy loss due to E and D respec- 
tively. The conductivity o-(w) determines the 
intensity of the optical absorption and the 
or(w)/|K(@)|? does the energy losst of a high 
energy charged particles®, for the charged 
particle acts as a source of D rather than of 
iE, 


The oscillator strength of the exciton in alkali 

halide crystals 

As stated in §3, we can determine 
(> ei*xi)?/S. Mixi?’s which correspond to the 
oscillator strength in the electronic case, from 
2; (absorption peak) and 2, (reflection mini- 
mum) instead of the absorption intensity. 
The similar method is applicable to the elec- 


Loss=— ow) Ey? = 


D.? (4-32) 


Appendix. The Effective 


As stated in § 3, the ratio; 


(the experimental value of S' e:**/M: from the infra-red data) 
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tronic case, if the absorption peak is isolated. 
For instance, in the case of the so-called ex- 
citon absorption in alkali halide crystals, «(w) 
is given by 

47 Ne? ft i 


(wo) = +46 
me 2,2—w? 


near the exciton peak, where f is the oscil- 
lator strength of the exciton level and JN is 
the number of unit cells per cm’, «’(w) is the 
dielectric constant coming from the other 
levels. The reflection minimum arises when 
«(2,)=1. We estimate «’(@) from the reflec- 
tivity of the region over (4.2;—0.2 ev)~(A2,— 
0.5ev), since it may be approximately re- 
garded as a constant within the narrow fre- 
quency range from (42,—0.5 ev) to 72,. The 
results are summarized in Table V. The 
oscillator strength of the exciton level is ra- 
ther small, if we remember that there are at 
least six electrons participating in the exciton 
level in a unit cell. The contribution to 
from the exciton level is about 0.1. This 
method may be useful to estimate the oscil- 
lator strength when the quantitative data of 
the absorption intensity are not available, 
although it is not new in principle. 


Table V. The oscillator strength of the exciton. 


| el | hQr | Agr =p) tea 
Nal “Y|iieiz | non | 0.12ev | 0.19 
Kae at | 0.12 Age 27 
RbI | 3.7 | “ | 0.15 | 0.33 


The author wishes to express his gratitude 
to Prof. J. Yamashita for his helpful discus- 
sions. 


Charge of BaTiO; Crystal 


(A-1) 


‘(the calculated value of Ss eit? Mi from the simple ionic model) 


js 1/5~1/4 in BaTiOs and the related crystals. 
We investigate here whether such a great 
difference may be interpreted by the ionic 
model or not. In the case of alkali halide 


t Of course, the weight with respect to the final 
states of the particle must be multiplied to this. 


crystals, the ratio (A-1) is 0.5~0.9, and we 
can interpret® the difference by assuming the 
short range interaction energy between the 
polarization due to the ionic displacement and 
the electronic polarization, although we can- 
not explain it by the simple ionic model only. 
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In the case of BaTiOs and the related cry- 
stals, we attempt to bring the ratio: (A-1) 
from 1/5~1/4 to 0.5 within the range of the 
simple ionic model and expect that the re- 
maining difference may be interpreted by the 
similar mechanism as in alkali halide crystals. 

The large calculated values of >) e7*?/Mi 
come mainly from the large polarizability of 
the oxygen ions. However, the polarizabilities 
assumed in §3 are not well-founded, although 
they are consistent with the experimental &o. 
Therefore we regard them as the adjustable 
parameters and examine whether the above 
ratio can be brought to the expected value 
(~0.5) or not with the reasonable values of 
them. 

It is a way to this purpose to decrease the 
polarizability of the O-- ions and increase 
that of the divalent metal ion. The polari- 
zability of Ti‘t ion is too small to influence 
the result. It is necessary, however, to com- 
pensate the decrease of the polarizability of 
three O-- ions with the increase of that of 
only one metal ion to hold the «) unchanged, 
so that unreasonably large polarizability of 
the metal ion is necessary to bring the ratio 
(A-1) to the expected range. For instance, 
if we put the polarizability of Sr++ ion as 
3.4 A® instead of 1.6 A® in §3 the above ratio 
for SrTiOs becomes 0.5. This value of the 
polarizability is inconsistent with «) of SrO 
crystal, in which the fotal polarizability is to 
be 3.5 A’. 

Another way is to assume the anisotropic 
polarizability of the O-- ions. It is well- 
known that the polarizability of O-- ion fluc- 
tuates from compound to compound and 
generally increases with the volume per O-- 
ion’, In the BaTiO; type crystals, the ionic 
configuration is close-packed in the Ti-O di- 
rection and loose-packed in the Ba-O direction 
(Table VI), so that, it is probable that the 


Table VI. 

peer ane (-) | 0 Ls iw! 
CaTiO, | 2.70 | 0.99 | 1.71 | 1.23 | 2.40 
SrTiO,.| 2:76 |. 1.43} 2.63541. 2%) (2:57 
BaTiO, | 2.83 | 1.35 | 1.48 | 1.32 | 2.76 


I. O---Met* distance; II. Ionic radius of Me++ 
ion; Ill. (Lit+-O-- distance)—(Ionic radius of the 


Tit+ ion); IV. O---Met+ distance in MeO cry- 
stal (10-8 cm). 
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polarizability of the O-- ion is small in the 
Ti-O direction and large in the Ba-O direc- 
tion. Since the most important contribution 
to the calculated values of S) e;*?/M; comes 
from the electronic polarization of the so- 
called O. ion, the above assumption is favor- 
able to our purpose, For instance, in the case 
of BaTiO: crystal, the following polarizabili- 
ties bring the above ratio to 0.5 and are also 
consistent with «.: O-- ion (Ti-O direction) 
1.7 A?, (Ba-O direction) 2.5 A®, Bat+ ion 2.5 
A®* and Ti‘t ion 0.2 A® (the last two values 
are equal to those in §3). The circumstances 
are nearly the same in the other titanates. 
The polarizability of O-- ion varies consider- 
ably from compound to compound, e.g. 1.6 
A® in MgO and 3.0 A?’ in BaO crystals, so 
that the anisotropy as above is possible. Of 
course, the above discussions only suggest a 
possibility of the ionic model and do not deny 
the possibility of the homopolar binding. 
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Sheet specimens of single crystal of 2.9% silicon iron with {110} sur- 
face have been extended in the <100>, <110> and <1115 directions re- 
spectively at —196°C, until they have fractured. The twins and slip 
lines have been observed in the course of extension as well as after the 
fracture. The following two mechanisms by which slip or twinning 
causes the cleavage have been confirmed. In <100> extension, a twin 
stopped intersecting with another twin along the <110> direction causes 
a cleavage on the {100} plane parallel to the intersection line. In <110> 
extension, two {110} slip systems intersecting along the <100> direction 
cause a cleavage on either of two {100} planes parallel to the intersect- 


ing line. 


Cleavage in <11l> extension seems to be understood by ex- 


tended applications of the latter mechanism. 


Introduction 


$1. 


Generally, the cleavage stress actually ob- 
served in materials is less than that estimat- 
ed for ideal crystals by two orders of magni- 
tude or so.'’:?). This discrepancy is the cen- 
tral problem on which emphasis has been 
laid so far in the theory of brittle facture in 
metals and other crystals at low temperature, 
because the cleavage fracture is the most 
characteristic feature of the brittleness. 
Microscopic defects such as inclusions or pre- 
existing microcracks are not sufficient to ex- 
plain this discrepancy except in special cases. 
Grain boundaries might be responsible for it 
in some cases. But there must be other 
causes of cleavage fracture, because single 
crystals are more brittle and have more ten- 
dency to cleavage under the stress in certain 
directions than polycrystals. 

To overcome this difficulty, many possible 
mechanisms of cleavage fracture have been 
discussed. Twins and cleavages occur frequ- 
ently in the similar conditions, that is, at 
low temperature,?’-‘) at high strain rate?® 
and soon. Also, prestrain often decreases 
both tendencies towards twinning and cleav- 
age.”).8),5),6) But the role of the twin as the 
cause of cleavage fracture remained ambigu- 
ous until recent days. Hull’ reported recent- 
ly fine observations about the twins and 
cracks in single crystals of silicon ions. He 
showed that almost all cleavage cracks ob- 


served after the facture at —196°C were 
located at the intersecting points of certain 
twin pairs. Perhaps these cracks were actual- 
ly initiated by the intersecting twins. But 
the mechanism by which the intersecting 
twins cause a cleavage fracture was not 
clear, together with the answer to the ques- 
tion whether other important causes of the 
cleavage facture do exist or not. 

According to many reports so far publish- 
ed, cleavage fracture is preceded by plastic 
deformation, especially in certain cases by 
slip. Several authors have discussed and 
calculated the large concentrated stress pro- 
duced by a pile-up group of dislocations which 
are forced to stay by a strong obstacle.®.!” 
This large stress field has often been consi- 
dered in relation to the cleavage crack. In 
line with this, Stroh!).") elaborated a theory 
of cleavage fracture. As the strong barrier in 
b. c. c. metals, Cottrell!?) has suggested a 
sessile dislocation which can be formed by 
coalescence of a pair of two suitable disloca- 
tions. Following his suggestion, a calculation 
was made recently about the magnitude of 
the stress produced by a double dislocation 
pile-up on two intersecting slip planes." 
Theoretically, these discussions and calcula- 
tions support the great possibility of cleavage 
initiation by the mechanism of pile-up dislo- 
cations. The observations of the regular row 
of pile-up dislocations itself were reported by 
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several workers. Especially Smith” reported 

recently an observation of this row on one 

{110} plane in a@-iron. But the direct experi- 

mental evidence that the cleavage fracture 

is caused by pile-up group or groups of dis- 
locations was very meager as yet. 

There have also been proposed other me- 
chanisms of cleavage fracture, including 
Allen’s consideration!» by which no yielding 
is necessary for the initiation of cleavage. 
The present purpose is to reply to the follow- 
ing questions, concerning the cleavage in b. 
c.c. metals. 

1) Does the twin actually cause the cleav- 
age fracture? In what case and by 
what mechanism? 

2) Does the slip actually cause the cleav- 
age fracture? In what case and by 
wheat mechanism? 

3) Does any other mechanism remain to 
be considered? 


§ 2. Experimental Procedure 


Single crystals of silicon iron have been 
extended in the [001], [110] and [111] direc- 
tions respectively in liquid nitrogen (—196°C) 
by a hard tensile machine, until they have 
fractured. Twins and slip lines which have 
‘ appeared on the two surfaces and two sides 
of the specimens have been observed mainly 
by optical microscope. These observations 
have been made at the room temperature at 
the several points in the course of extension 
as well as after the fracture, by interrupting 
the extension and removing the specimens 
from the tensile machine. The cleavage 
faces also have been examined. 

Single crystal sheets used were prepared 
by strain-annealing method from polycrystal- 
line sheets and kindly supplied by Dr. Taoka 
and his group in our institute. The initial 
polycrystalline sheets contained 2.9 wt. % Si 
and 0.017 wt. % C but these elements are 
though to have slightly diminished during 
the recrystallization in the atmosphere of 
dry hydrogen. The surfaces of these single 
crystal sheets coincide with the {110} plane, 


which will be designated as (110) in this 
work, with the deviation less than 5 degrees 
according to the result of X-ray analysis. 
From these sheets, three kinds of speci- 
mens were cut by the use of wheel cutter. 
The longitudinal direction, that is, tensile 
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axes of them coincide with the [001], [110] 
and [111] directions respectively with the de- 
viation less than 5 degrees. They were 
shaped with fine file by hand. Their sur- 
faces and sides were made flat and strain- 
free by electropolishing following the method. 
of Jacque. The. size and shape of these 
specimens are shown in Fig. 1. The width 
of the narrowest region of each specimen 
was not the same for all specimens. But the 
effect of this divergence was trivial. 

The rate of extension was about 3x10~*/ 
sec. Nine specimens of each kind were ex- 
amined. The time elapsed during the micro- 
scopic examination in the course of extension 
was about 20 minutes to 1 hour in each ob- 
servation at room temperature. 


§3. Results 


3.1 Case of [001] extension. 

A typical stress-strain curve observed in 
the case of extension in [001] direction is 
shown in Fig. 2. The characteristic feature 
of this curve is straightness interrupted by 
several abrupt load drops. Accompanying 
the abrupt load drop, a click was usually 
heard. Fracture took place always suddenly 
and total plastic elongation up to the frac- 
ture was 1 to 2 percent. 


0-8—-1-8 mm 
: = 0-6 mm 


Fig. 1. Size and shape of specimens. 


30 


fool] Extension 


Stress (kg/mm 


Strain (%) 10 


Fig. 2. Stress-strain curve in [001} extension. 
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In the case [001] extension, after any one 
abrupt load drop during the extension, a 


(b) 
<[(001| Tensile Axis> 
Fig. 3. Twins seen on [001] specimen. 
(a) Surface. (b) Side. 


x 200. 


(b) 
<[001]> Tensile Axis—> 


Fig. 6. Twin intersections seen on surface of 
[001] specimen. 500. 
(a) <110> type. Localized slip lines are also 
seen. 
(b) <012> type. 
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number of traces of twins have been observ- 
ed as shown in Fig. 3(a) and (b). These 
traces are thin regions with finite width, the 
boundaries of which are straight in major 
part. Sometimes zig-zag markings are ob- 
served along the boundaries of them. Their 
orientations examined geometrically are 
parallel to the traces of the {112} planes. 
These features accord with the characteristic 
ones reported about the deformation twins in 
a-iron and other b.c.c. metals. With each 


<(001] Tensile Axis> 
(b) 


(a) Cleavage face in [001] specimen. 


Fig. 7. 
T--T: twin intersection shown in (b). 


(b) 


x 200. 
Twin intersection of <110> type on cleav- 
age face seen on surface of [001] specimen. 
C--C: cleavage face shown in (a). X200. 
Specimen is the same in (a) and (b). 
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abrupt load drop, these twins were found to 
increase in their number and width. The de- 
formation twins observed are classified by 
their orientations into four groups. Each 
group corresponds to one of the four {112} 
planes, on which resolved shear stress along 
<111> direction is maximum among all twelve 
{112} planes as shown in Appendix. These 


four planes are (112), (112), (112) and (112) 
planes, and their traces on the surface and 
the side of [001] specimens are shown in 
Fig. 4(a) and (b) to be compared with Fig. 3 
(a) and (b). 

The intersections of these four groups of 
twins are classified geometrically into two 
types. The intersecting line of twins on the 


Fig. 8. Deflection of cleavage face along twin- 
matrix interface seen on surface of [001] speci- 
men. 
CC. 


cleavage face. 500. 


(b) 
<—[110] Tensile Axis—> 
Fig. 10. Slip lines on [110] specimen. 


x 200. 


(a) Surface. (b) Side. 
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(112) and (112) planes is parallel to the [110] | 
direction and that of twins on the (112) and | 


(112) planes to the [110] direction, as ex- 
The 


emplified in Fig. 5. intersections of 


(b) 


<[110] Tensile Axis> 


Fig. 13.(a) and (b). Longitudinal cleavage cracks 
seen on surfaces of [110] specimens. Transver- 
sal cleavage has also occurred in one side of 
longitudinal crack shown in (a). (a) x100. (b) 
x 500. 


NS 
5 S 
YQ} 
Se \ 
\ | NS : 
S G 


Fig. 14. Slip lines (S--S) and transversal cleavy- 
age face (C--C) parallel on side of [110] speci- 
men. Twins and localized slip lines appeared 
after the fracture are also seen x 200, 
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these twin pairs may be shortly called <110> of these pairs may by called <012) type. 

type. Other four pairs among four groups The microscopic observations show a 
intersect along <012> lines. The intersections characteristic difference between these two 
types of intersections. In a intersection of 
<110> type, one of two twins is usually stopp- 
ed at the intersecting point, as seen in Fig. 
6(a). Sometimes two twins which form the 


Fig. 15. Transversal cleavage face in [110] speci- 
men. X 200. 


<[111] Tensile Axis> 


Fig. 20. Complicated slip lines and cleavage face 
seen on surface in the neck of [111] specimen. 
Twins are also seen. 200. 


Fig. 21. Cleavage face which might be on {110} 
plane in [111] specimen. 200. 


(b) 
<[111] Tensile Axis> 
Fig. 17. Slip lines on [111] specimen. 200. 
(a) Surface. (D>) mide 


(112) (001) 012)(@12) (112) 
i) v Vv iy 


Surface 
(110) 
(a) 
783 ah 
110) 


(b) 


<— [001] Tensile Axis—> 


Fig. 4. Traces of operative twinning planes and 


OU ! cleavage plane on [001] specimen. 
<[111] Tensile Axis> (a) Surface. 
Fig. 19. Bend plane of kink in [111] specimen (b) Side. ——: twinning plane, — 


seen on surface. 200. cleavage plane. 
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<110> intersection on the cleavage face seem 
as if they had run through each other. But 
the one half of either twin is thought to 
have been formed after the cleavage had 
been initiated. Indeed, this situation has 
been shown in some observations. On the 
other hand, in more than one third of ob- 
served intersections of <012> type, two inter- 
secting twins have run through each other 
as shown in Fig. 6(b). 


OR oS Axis 


0): Specimen Surface 


We 

{00} 
Fig. 5. Twin intersection of <110> type in [001| 
extension. ——: twinning plane, ——-——: in- 


tersecting line, ——--——-: cleavage plane. 


At the neighboring regions of the intersec- 
tions of <110> type, short traces considered 
to be slip lines have been often observed, as 
seen in Fig. 6(a). They run from the inter- 
secting points along the trace of {110} plane 
which involes the intersecting line of two 
twins. Their length is about 0.01-0.1 mm and 
they fade away at one end. Sometimes other 
localized slip lines have also been observed 
around twins and cleavage faces. 

The specimens extended in [001] direction 
have always fractured by cleavage on (001) 
plane. The cleavage face, as shown in Fig. 
7(a), is a plane face with many steps along 
twins. Also many fine patterns sometimes 
called river patterns'® are observed on them. 
As an important fact, it could be pointed out 
that always one and only one intersection of 
two twins of <110> type is observed on the 
cleavage face as shown in Fig. 7(b). Not all 
the twin intersections of <110> type have 
caused cleavage fractures but many intersec- 
tions of <110> type have been observed 
already in the course of extension. In a few 
specimens, the only one <110> intersection 
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detected on cleavage face coincides with one 
of <110> intersections observed in advance in 
the course of extension. Sometimes cleavage 
face deflects from (001) plane and runs for a 
short distance along twin-matrix interface, as 
seen in Fig. 8. 


3.2 Case of [110] extension. 

A typical stress-strain curve is shown in 
Fig. 9. Several abrupt load drops usually ac- 
companying audible click are observed also 
in each [110] extension. But here, more or 
less continuous flow occurs in the later stage 
of extension and after the elongation from a 
few to about ten percent the specimens have 
suddenly fractured by cleavage. 


50 


f 10] Extension 


Stress (kg/mnt) 


Strain (%) 10 


Fig. 9. Stress-strain curve in [110] extension. 


The observation in the course of extension 
shows a distinct difference from the case of 
[001] extension. That is, no twins have been 
detected in advance to the occurrence of frac- 
ture, although many lines have appeared and 
increased with abrupt load drops, see Fig. 
10(a) and (b). These lines are surely slip 
lines, for they are parallel to the traces of 
four {110} planes which have maximum re- 


solved shear stress in the [111] or the [111] 
direction on them among all {110} slip 
systems, as shown in Appendix. 

Traces of these planes on the surface and 
side of the specimen are shown in Fig. 11(a) 
and (b), to be compared with Fig. 10(a) and 
(b). The slip lines on the surface have ap- 
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peared perhaps due to the small deviation of 


that face from the exact (110) plane, in spite 
of the fact that the slip directions must be 
parallel to this plane. Slip lines appeared 
after the first abrupt load drop or after the 
first and second were parallel to one {110} 
plane. Until the fracture occurred, slip lines 
appeared usually on two {110} planes in each 
specimen. In two specimens, many cross 
slips were observed on the sides. 


(101) 
y 


(O11) (00) (O10) (101) 
Vv vod 


(O11) 
v 


Side 
(001) : 


<— [lI9] Tensile Axis—> 


Fig. 11. Traces of operative slip planes and 
cleavage planes on [110] specimen. 
(a) Surface. 
(b) Side. ——: slip plane, ——--—-: cleavage 
plane. 


foo] - 
(110): Specimen Surface 


“a WE 


Sid: 


Tensile Axis 


“oa 


Fig. 12. Slip intersection of <100> type in [110] 


extension. ——: slip plane, ——--——: inter- 
secting line, -----——: cleavage plane. 
Geometrically intersections among these 


four slip systems are classified into two types. 
The pair of (101) [111] and (101) [111] and that 


of (011) [111] and (011) [111] intersect along 
the <100> lines, as exemplified in Fig. 123 
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The other four pairs intersect along the <111>- 
directions. It has been found that the frac- 
ture has occurred only after the intersections. 
of <100> type. The fracture took place not 
always immediately after the first <100) in- 
tersections but usually after the succeeding 
elongation of several percent. In _ seven. 
specimens, the slip lines remained parallel on. 
the side until the fracture, though the inter-. 
sections of slip lines were observed on the 
surface, as shown in Fig. 10. That is, in. 
each of these specimens, only either one of 
two kinds of <100> intersections has occurred. 
until the fracture. 

A remarkable fact is the appearance of 
large or small longitudinal cracks on (001) 
plane parallel to the tensile axis. In four 
specimens, these cracks of length more than. 
1mm have been detected in each specimen. 
as shown in Fig. 13(a) and (b). 

The specimen fractured finally by transver- 
sal cleavage on (100) or (010) plane. It has 
been also found that the transversal cleavage. 
planes correspond to the kinds of intersec-. 
tions of <100> type in the following way.. 
When the intersecting line between the two: 
slip planes is [010], the transversal cleavage: 
plane is (100) and when the intersecting line: 
is [100], the transversal cleavage plane is. 
(010). As illustrated in Fig. 12, the traces on. 
the (001) plane of transversal cleavage plane: 
and of intersecting slip planes must be all. 
parallel if the above correspondence is actual- 
ly correct. In each specimen in which the. 
observed <100> intersections were confined to. 
only one kind, this correspondence has been. 
distinctly verified by the observation of the. 
sides which is the (001) plane, as seen in. 
Fig. 14. 

After the fracture, some twins have been. 
observed around the cleavage face but no 
definite configuration was detected which sug-. 
gests the function of these twins in the in- 
itiation of the cleavage. These twins are: 
thought to have taken place as sequential. 
products at the instant of the cleavage frac- 
ture. Localized slip lines which are also. 
thought to be the sequential products have. 
been detected occasionally after the fracture. 
The longitudinal and transversal cleavage: 
faces have also a number of steps along 
twins and river patterns between them. 
Transversal cleavage face is shown in Fig. 15_ 
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3.3 Case of [111] extension. 

A typical stress-strain curve is shown in 
Fig. 16. The characteristic feature is a round 
load drop with which a sharp neck is formed. 
The ductility was fairly large. Several little 
abrupt load drops have been observed in 
many specimens. The click was heard with 
the abrupt load drop but not with the round 
one. The fracture took place after the round 
load drop with or without succeeding elonga- 
tion of several percent and still pretty sud- 
denly. 


50 


(11), Extension 


Stress (Kg/ mm) 


Fig. 16. Stress-strain curve in [111] extension. 


Many slip lines have appeared with the 
abrupt load drops and during the continuous 
flow. But no twins have been detected in 
advance to the fracture. Geometrically there 
exist six {110} slip systems on three {110} 
planes which have maximum resolved shear 
stress, as listed in Appendix. The slip lines 
observed in the early stage of extension or 
outside the neck almost lie on these three 
{110} planes and many cross slips are ob- 
‘served, as shown in Fig. 17(a), (b) and Fig. 
18(a), (b). In severe neck, on the other hand, 
slip lines which might be on {112} or {123} 
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planes have been observed, together with 
closely distributed slip lines on the above 
{110} planes. But, there the slip lines are 
so complicated that unquestionable identifica- 
tion of slip systems was rather difficult. 
Also, a configuration or configurations which 
have the appearance of kinks have been 
formed in or around the neck. A bend plane 
appeared in the kinks is shown in Fig. 19. 


i HI) 


(Ol!) 


Surface 
(110) 


(a) 


Side 
(112) 
(b) 


<— [l1i] Tensile Axis—~> 
Fig. 18. Traces of operative slip planes on [111] 
specimen, 

(a) Surface. (b) Side. 

The fracture occurred through the neck 
but is still due to the cleavage as seen in 
Fig. 20. In almost every specimen, not 
only one but two or three cleavage faces, 
usually intersecting perpendicularly, have 
been observed. Nearly all of the observed 
cleavage faces are thought to be on the {100} 
planes from their orientation and their struc- 
tures are more or less similar to those of 
cleavage faces appeared in [001] and [110] 
extension. But two of them are pretty de- 
viated from any one of the {100} planes and 
might be on the {110} planes. These two 
have somewhat different surface structures 
and are curved in their boundary regions as 
shown in Fig. 21. The indices of these 
planes were difficult to decide exactly due to 
the heavy deformation even with X-ray an- 
alysis. A number of twins have been ob- 
served only after the fracture but they do 
not seem to have played the significant role 
for the initiation of cleavage. 


§ 4. Discussions 
4.1 Case of [001] extension. 


In the case of [001] extension, twins will 
be mainly discussed because slip is not ob- 
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served except that located in special zones. 
Prior to the analysis of cleavage fracture, 
the difference between two types, <110> and 
<012>, of twin intersections will be made clear. 
We have already recognized that in the <110) 
intersections, one twin is stopped by the other 
and in <012> intersections, many two twins 
run through each other, as shown in Fig. 6. 
Consideration of a characteristic property of 
twinning leads us naturally to the under- 
standing of this situation. Twinning can 
operate in one direction but not in the op- 
posite direction. This property will be easi- 
ly understood from the configuration of atom 
displacement in twinning. Fig. 22 shows 


twinning on the (112) and (112) planes seen 


on the (110) plane in b.c.c. crystals. The 
twinning can occur in the directions pointed 
by arrows. The shear stress components in 
these possible twinning directions is positive 
when the external tension is in the [001] 
direction or negative when the tension is in 
the [110] direction. Thus, it is reasonable 


that the twins on the (112) or (112) planes 
have been observed only in the [001] exten- 
sion but not in the [110] extension. 


(112) Twin 


Fig. 22. Possible twinning directions on (110) 
plane are shown by solid arrows in original 
lattice and by dotted arrows in (112) twin 
region. 


Returning to the case of [001] extension, 
let us consider an example of <110> twin in- 
tersections in which a (112) twin grows and 
meets with a (112) twin, as shown in Fig. 23. 
In this case, (112) twin cannot penetrate into 
the (112) twin region by twinning, because 
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the orientation of the new {112} plane within 
the (112) twin region is deviated from that 


of the original (112) plane and moreover the 
component of shear stress in the possible 
twinning direction on that {112} plane is 
negative, as shown by dotted arrows in Fig. 
22. On the other hand, in the <012)> twin in- 
tersection, there is a {112} plane in either 
twin, on which the other twin can penetrate 
into the former twin, though some difficulty 
should be accompanied by the penetration be- 
cause of a deflection of the twinning plane. 


(OO!) Plane 


(112) Twin 


<— [001] Tensile Axis—> 


Fig. 23. <110> type twin intersection seen on 
(110) plane. 


Thus, the difference of two types of twin 
intersections can be understood. Beside the 
intersections on cleavage faces mentioned in 
3.1, there have been observed a few excep- 
tional examples of <110> intersections, in 
which two twins seem to have run through 
each other. In these intersections, perhaps 
the stopped twin has produced a new twin 
just at the opposite side of stopping twin. 
But this process is naturally rare, because a 
twin will be hardly generated in a region 
without suitable defects. 

Now, the mechanism by which the <110> 
twin intersection causes a cleavage fracture 
is argued as follows. In Fig. 23 a twinned 
region is supposed to be stopped at the top 
P by another twin. Then, the outer part of 
that stopped twin will be pushed to the ob- 
stacle and cause a large stress around the top. 
By comparing the work done by the external 
stress with the work done by the concentrat- 
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ed shear_stress at the top in the process of 
virtual advance of the top P by twinning, 
the concentrated shear stress te is estimated 
as 

(1) 
where is the number of twinning layers in 
that twin, and t is the external shear stress. 
In the stable configuration, this shear stress 
must be compensated by the elastic stress in 
the obstacle region and this compensation 
stress will appear as tensile and compressive 
stress on the upper and lower side of the 
twinning plane through P respectively. The 
direction of them is considered to be nearly 
parallel to the twinning direction and their 
magnitude will be of the order of te or nt. 
These situations are very analogous to the 
case of pile-up dislocations. 

This concentrated stress will cause a cleav- 
age if it is sufficiently large. When the ex- 
ternal tension is go, the thickness of the 
stopped twin is d and the normal component 
of the concentrated tensile stress on the (001) 
plane is S, 


Te—NT , 


t=0.4720 (Appendix) , (2) 


n=V 6 dja, C3) 
and 

S=nt/V 3 =0.6680d/a , (4) 
where a is the lattice constant. For the ob- 


served order of o=50kg/mm? and d=0.5 y, 
S is estimated to be 6x10‘kg/mm?. This 
roughly estimated value is considered to be 
enough to cause a cleavage fracture. Since 
the concentrated stress is produced along the 
intersecting line, cleavage can occur only on 
a plane parallel to that line. Here the (001) 
plane satisfies this condition, as understood 
from Fig. 5. 

The localized short slip lines observed at 
the intersecting points of <110> type give an 
evidence of localized stress concentration. In 
the <012> type of intersection, large stress 
concentration is not produced, because each 
twin, owing to the possibility of mutual penet- 
ration, does not act as a strong barrier to the 
other and hence no cleavage occurs. The 
observed one-to-one correspondence between 
the (001) cleavage and the <110> twin inter- 
ection shows conclusively that the cleavage 
fracture in [001] extension has always been 
caused by the mechanism of the twin inter- 
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section of <110> type mentioned above. 


4.2 Case of [110] extension. 
Here, the slip is observed to be the main 


mode of deformation. On the (112) and (112) 
planes, resolved shear stress is fairly large 
but it is negative to the twinning direction, 
as shown in Fig. 22. Actually, twins have 
not been observed on these planes. After the 
fracture a number of twins on other {112} 
planes have been observed, but they do not. 
seem to have played significant role in the 
initiation of cleavage fracture. Therefore, 
only the function of slip will be discussed in 
the following analysis. 

Cottrell’? has suggested that in b.c.c. 
metals certain two {110} dislocations, for ex- 
ample, (101)@/2[111] and (101)a/2[111] can 
coalesce to form one dislocation, Burger’s 
vector of which is a[001] and the energy of 
which is lower than the sum of energies of 
two dislocations to be coalesced. This coales- 
cence occurs along the [010] direction in 
which the two slip planes intersect. The 
succesive dislocations which follow the already 
coalesced dislocations on both slip planes pile 
up before or run into the coalesced disloca- 
tion, because it is sessile. The (001) plane 
which involves the intersecting line receives. 
a large normal tension under this circums- 
tance. In this way Cottrell has explained 
the cleavage fracture in b.c.c. metals. 

The observed slip systems in the case of 
[110] extension are predominantly confined on. 
the {110} planes in accordance with other re- 
port concerning the slip systems of silicon 
iron.*. Moreover, the intersections of two 
slip systems of <100> type mentioned in 3.2. 
are essentially equivalent to those proposed 
by Cottrell. The direction of slip in the case 
of [001] extension considered by him is op- 
posite to that in the case of [110] extension. 
now under consideration. But this difference 
can be thought as trivial, for the same dis- 
locations can cause an opposite shear moving 
to the opposite directions. Of course, a slip 
shear in one direction itself can be caused 
by either of two kinds of dislocations with 
opposite signs moving to the opposite direc- 
tions. Hence the combination of Burger’s 
vectors of dislocations running towards the 
intersecting line is not necessarily suitable 
for the coalescence. But this situation exists 
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both in Cottrell’s case and in the present 
case. Anyway, about half of the pairs of 
intersecting slip systems are expected to be 
caused by dislocation groups suitable for the 
coalescence. 

The cleavage fracture in [110] extension 
has always taken place after the occurrence 
of the slip intersections of <100> type. This 
behavior is in accord with the first require- 
ment of Cottrell’s mechanism. 

It is easily checked up that by the Cot- 
trell’s mechanism, the cleavage must take 
place on the (001) plane, even in the case of 
[110] extension, no matter which kind of in- 
tersections of <100> type is responsible. Ac- 
tually, cleavages on the (001) plane have 
frequently been observed as large or small 
longitudinal cracks, as shown in Fig. 13. 

In the above argument, the numbers of 
pile-up dislocations were implicity assumed as 
nearly equal in both slip planes. If the number 
is extremely small on one plane compared 
with that on the other, the concentrated tensile 
stress is directed nearly parallel to <111> 
direction, and the two {100} planes parallel 
to the intersecting line receive equally a 
large normal tension. One of these two is 
again the (001) plane on which the observed 
longitudinal cracks exist. The other is the 
(100) or (010) plane, if the intersecting line 
is [010] or [100] respectively. The transver- 
sal cleavage planes actually observed are 
found to be in full agreement with this con- 
sideration. 

Thus, the mechanism of pile-up dislocations 
before a coalesced one is entirely conform- 
able to every feature observed. Hence, the 
cleavage fracture in [110] extension is con- 
cluded to have occurred always by this 
mechanism. 


4.3 Case of [111] extension 

Here, the six {110} slip systems operative 
in the early stage of extension intersect 
along <111> lines, if they are not on the 
same plane and many cross slips have been 
observed as expected naturally. Then, the 
formation of sessile dislocation and the pile- 
up of many dislocations are probable, if any, 
only along the <111> direction. The large 
ductility observed in this case seems natural 
because the <111> lines are not parallel to 
any {100} plane. For, the observed cleavage 
planes are predominantly the {100} planes in 
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b.c.c. metals and other crystallographic 
planes seem to have higher surface energy 
considering the elastic anisotropy and shapes 
of etching pits. 

The mechanism of cleavage fracture itself 
is not clear in this case, though the slip seems. 
to play the important role here again. As. 
one possible mechanism, it is proposed that 
cleavages are caused by the intersections of 
{112} or {123} slip systems as well as of 
{110} slip systems. All the slip dislocations. 
in b.c.c. metals have the Burger’s vectors of 
a/2<111> and any pair of these vectors sums. 
to a<100> or a<110> according to their relative 
sign. Thus, when two slip planes intersect, 
the formation of coalesced and sessile dis- 
location is always probable excluding the 
case of cross slip. Hence, if the intersecting 
line of two slip systems is on one {100} 
plane, pile-up group or groups of dislocations: 
may cause a cleavage on this plane. In fact,. 
it seems that several pairs of slip systems: 
observed in the neck of [111] specimens. 
might be those in which two slip system in- 
tersect on the {100} plane. These pairs 
might be the cause of cleavage fracture 
on the {100} planes in [111] extension, be- 
cause the cleavage fracture has taken place 
through the neck. On the other hand, {110} 
slip systems intersecting along the <1ll> 
direction might cause occasionally a cleavage 
on a plane parallel to this intersecting line 
also by the mechanism of pile-up dislocations. 
The cleavage which seems to have occurred 
on the {110} plane might be caused by this 
mechanism. The {110} cleavage planes are 
also reported in tantalum!” and niobium!?*’. 

Finally, it will be suggested that the pre- 
sent mechanisms of cleavage fracture do not 
conflict with the ductile-brittle transition. 
Twins are not formed and hence do not cause 
a cleavage in higher temperature. The con- 
centrated stress caused by intersecting slip 
systems may also be easily released by the 
occurrence of other slips at higher tempera- 
ture. In the case of twin intersections, this re- 
lease has been observed as localized slip lines. 
Dissociation of coalesced dislocation might 
also occur frequently in the higher tempera- 
ture. There might be some intermediate 
temperature region in which the formation 
of twins is not possible but intersecting slips 
can still cause a cleavage fracture under the 
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tension in the [001] direction. 

These two mechanisms of cleavage’ frac- 
ture mentioned above, one by intersecting 
twins and the other by intersecting slips, 
stand obviously in close parallelism in their 
essential points. At first, the plastic flow is 
blocked by the intersection in both mecha- 
nisms, although the mechanisms of blockage 
are different in them, and a large concentrat- 
ed stress is consequently produced along the 
intersecting line. Secondly, the interesting 
line lies on the {100} plane which has the 
weakest resistance against the cleavage among 
all other crystallographic planes. Thirdly, 
the concentrated stress acts as a large normal 
tension on this weak plane and causes a 
cleavage fracture. 

The cleavage behavior in the silicon iron 
will be considered to have common feature 
to some extent with that of other b.c.c. 
metals, because the behavior of twinning or 
slip is pretty similar in other b.c.c. metals. 


§5. Conclusions 


In the cleavage fracture of single crystals 
of silicon iron extended at —196°C, two 
mechanisms of cleavage fracture have been 
experimentally confirmed. One is a mecha- 
nism by which a definite type of twin inter- 
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sections causes a cleavage fracture on the 
{100} plane. The other is that by which a 
definite type of the {110} slip intersections 
causes a cleavage fracture on the {100} 
planes. 

The cleavage fracture of specimens extend- 
ed in the <100> direction is always explained 
by the former mechanism and that of speci- 
mens extended in the <110> direction is 
always explained by the latter mechanism. 
The cleavage fracture of specimens extended 
in the <111> direction may be explained by 
extended applications of the latter mechanism. 

These two mechanisms, one by twins and 
the other by slips, are similar in their essen- 
tial points. 
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Appendix 


Ratios of resolved shear stress in {110} and {112} deformation systems in b. c. c. structure 
to external tension in three important directions. 


Directions of 


eT AE take ay tensio [001] | [110] (111) 
(011) (111) 0.408 0.408 0.272 
(011) 111] 0.408 | 0 0.272 
(101) 171] | 0.408 err 0 
(101) {1111 0.408 | 0.408 0 
(011) [111] | 0.408 | 0.408 0 
{110} systems (011) [111] | 0.408 | 0 0 
(slip) (101) [111] 0.408 0 0.272 
101) [111] 0.408 0.408 | 0.272 
110) [111] 0 0 0 
110) [111] 0 0 0 
(110) 111] 0 | 0 0.272 
110) (111) 0 | 0 0.272 
(112) [111] 0.472 0.472 0.314 
211) [111] 0.236 0.236 On157 
(121) [111] 0.236 0.236 0.157 
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(112) 111] 0.472 0 0.157 
(121) [111] 0.236 0 0.314 
teal systems | (211) [111] 0.236 0 0.157 
Ue | (113) (1111 0.472 0.472 0 
(211) [111] 0.236 0.236 0 
(121) [111] 0.236 0.236 0 
(112) [111] 0.472 0 0.157 
(121) [111] 0.236 0 0.157 
(211) [111] 0.236 0 0.314 
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The free energy of a ferroelectric was expanded as an even power- 
series of polarization in the customary phenomenological theory. For 
the case of the transition of the second order, the condition was examined 
under which the well-known relation holds that the temperature-gradients 
of reciprocal susceptibility immediately below and above the transition 
point stand in the ratio —2:1, and it was shown that this relation is 
valid regardless of the number of terms taken in the expansion and the 
temperature-dependence of their coefficients. When the transition is of 
the first order, on the contrary, this ratio was found to be very sensitive 
to them, though a simple ratio —8:1 is obtained by postulating the tem- 
perature-independent coefficients of fourth- and sixth-powers and neglect- 


ing terms of higher powers. 
ing the antiferroelectricity. 


$1. Introduction 

To explain the ferroelectricity of BaTiOs 
Devonshire” expanded the free energy A in 
an even power-series of polarization P and 
postulated a linear temperature-dependence 
on the coefficient of the term of second power 
only, and succeeded in deriving several im- 
portant thermodynamical relations and in ac- 
counting for the occurrence of phase transi- 
tions. A fair success was also due to him 
in a theoretical reasoning of the temperature- 
dependencies of quantities such as spontane- 
ous polarization or susceptibility. Merz?) was 
able to explain why a single crystal of 
BaTiO; describes a double hysteresis-loop just 
above the transition from the tetragonal ferro- 
electric- to the cubic paraelectric-phase on 
the groucd of Devonshire’s phenomenological 
theory. Kittel®), on the other hand, suggest- 
ed a possibility of antiferroelectricity apply- 
ing a similar phenomenological theory to a 
crystal composed of two sub-lattices, and in- 
deed soon afterwards Shirane et al‘ found 
that PbZrOs is antiferroelectric. Cross*) ex- 
tended the theory to that of a three-dimen- 
sional case. 

A closer fit of results derived from the 
phenomenological theory to experimental facts 
will necessarily require much more terms of 
‘expansion and much more coefficients which 
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A similar result was also obtained concern- 


are temperature-dependent. In fact, a series 
of works have been made along this line of 
development. In the phenomenological theory 
of BaTiOs, Kholodenko®’ and Drougard ef al” 
postulated a temperature dependence on the 
coefficient of fourth power also, and more- 
over added other terms of sixth power not 
taken into account by Devonshire. A tem- 
perature dependence on the coefficient of sixth 
power was postulated by Kawabe®’. Terms 
of eighth- and tenth-powers were added by 
the same author for a better explanation of 
the lowest phase-transition of BaTiOs. 

Here we examined generally the effect of 
increasing the number of terms of expansion 
and allowing complex temperature dependen- 
cies for the coefficients on the temperature 
depencence of susceptibility, in the phenome- 
nological theory of a uniaxial ferroelectric. 
The susceptibility is a more directly and more 
precisely measurable quantity than others 
such as spontaneous polarization (determined 
by the observation of hysteresis loop or by 
the measurement of pyrocurrent) or a bias 
effect of phase transition. This was the main 
reason why we adopted the susceptibility as 
a quantity to judge the propriety of theory. 
Discussions on the other quantities will simi- 
larly be made. 


§2. General Formulation 


The free energy per unit volume of a ferro- 
electric is expanded as follows; 
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A(P, T)=AT)-+2 3 In T)P™ (1) 


where P is the electric polarization and T is the absolute temperature. The external field 


EF and hence the susceptibility 7 are obtained by successive differentiation of Eq. (1) with 
respect’ to Pas 


= 8, OA — - 2(m—1) 
E=( = ‘i =4P 5 nha T)P2- , (2) 
1 /dE : . = r 
es, <4 nh T)P2-Y 48P2 S n(n—Dhl T)P 2-2 (3) 
n oP T n=1 n=2 


The spontaneous polarization Ps; is obtained as a root of the equation 
3 the T)P 2-9 =0 , (4) 
n=1 
which comes from Eq. (2) for E=0. As Ar=Ap is required at T=T>, 


SRP =0 <T=TS (5) 


is readily obtained from Eg. (1). Combined with Eq. (4), Eq. (3) gives the paraelectric and 
ferroelectric susceptibilities as 


Sey ae (6) 
YP 

1 gp2 SF n(n—Vh T)P 2° , (7) 
YF n=2 


Here the “ratio of temperature gradients of reciprocal susceptibility ” p is defined by 


fey. (LAE aes (8) 


“Eqs. (6) and (7) give 


2 


o Gh) ban. <e ererrr 
) a 1) HAD) pros ~1)%a(T) Pn» Gee (9) 
P= hd TdT} {P ee) aa ee dT } |, oa 


dT 
-or by Eq. (4) p is further rewritten as 


2 
{dhi(T)/dT } 


e En oie). Pee iss aves 


P32" 2) 


{Pt ¥ n(n — 1) 


(10) 


F n(n—Dha T)P 2-2) 
n=2 


LY NY 


Values of p of several substances known §3. The Second-Order Transition 
as ferroelectrics are listed in Table I. It is As is well-known, the phase transition is 
noticed that there are three groups, i.e., the of the second order under the conditions 
first group with p of about —10, the second hd T)=hi(T—T>) (a>) , (a) 
group with p of about —2 and the third group af ‘ rare 
with p considerably smaller than —2 in the h2=const. >0 , 
absolute values. and 
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dn=0 (n>), (11c) 

and the following equations are readily ob- 

tained, giving the two linear relations of 
1/y vs T as shown in Fig. 1: 

1/yr=4h , (12) 

1/yr=—8hi . (13) 

The ratio of their gradients is always —2:1. 

Now, the conditions (lla)~(1lc) are too 

severe and following two conditions will be 

sufficient for the transition to be of the second 

order; 


Table I. p-values of some ferroelectrics. 
Substance p Reference 
BaTiO; —10 9) 
NaNO; —9.6 10) 
KNbO3 —7 11) 
CaB3;0,(OH)3-H2,O —3.4 12) 
NH,HSO, —2.9 13) 
(CH,NH2,COOH)3-HsSO,4 —2.7 14) 
RbHSO, —2.7 15) 
(NH3CH3)A1(SO4)2: 12H,O —2.5 16) 
NakKC,H,0,:4H:O —2.3 17) 
LiNH,C,H,0,-H2O | —2.3 18) 
(CH,NH.COOH);-H,BeF, | —2.11 14) 
KH,PO, —1.8 19) 
(NH,CH,COOH),-HNO3 —1.4 20) 
KD,PO, —0.415 21) 
NH:CH;,COOH: AgNO; —0.377 22) 
Al 
uv) 
To dF 


Fig. 1. Schematic variation of reciprocal sus- 
ceptibility vs temperature for the second-order 
transition under the conditions (11). 

(i) hiT) has a positive temperature de- 
pendence and vanishes at a temperature 

‘Por and 

hTo)>0 (hoT) may have any tempera- 

ture dependence). 

We now take into account every terms of 
Eq. (1) and give arbitrary temperature de- 
pendencies to every coefficients under the 
single condition that the transition be of the 
second order. 
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Since the transition is of the second order 
we have P;*(T:)=0 at T=T-=To, and hence 
from Eq. (10) it is readily seen that 

p=-2. (14) 

It has been well-known that Eq. (14) holds 
under the severe conditions (lla)~(1lc), but 
now it should be stressed-on that Eq. (14) is 
really a universal relation valid very generally 
with a sole restriction that the transition is 
of the second order, no matter how many 
number of terms of expansion may be taken 
into account or whatever temperature de- 
pendence may be postulated for each coef- 
ficient. 

As is seen from Eq. (6) 1/ye is independent 
of the coefficients higher than f(T), and 
hence 1/yr vs T is always a straight line as 
far as the linear temperature dependence 
(1la) is postulated for hi(T). 1/yr vs T will 
generally deviate from a straight line, but, 
if the expansion is stopped at the fourth- 
power term, Eq. (13) will hold even when the 
coefficient of the fourth-power term is tem- 
perature-dependent, as is seen by introducing 
Eq. (4) into Eq. (7), and hence 1/7? vs T gives 
a straight line as far as Eq. (lla) is valid, 


§4. The First-Order Transition 


It is well-known that the transition is of 
the first order under postulations 


hi T)=h1(T—T>) (hi>0), (15a). 

h2=const.<0 , (15b), 

hs=const.>0 , (15c), 
and 

hn=0 Gi 2A), (15d). 


and that then the jump of the susceptibility: 
at the transition follows the rule 


ve | /v| = 1/4 s 
T=T.—0 T=T +0 


(16) 


‘1/yr is now no longer a linear function of J" 


even in this simplified case. Eq. (7) can be 
rewritten by use of Eq. (4) as 


1/yr=—16h\(T) 


1 h:? 
2 rah ac Riages 3h(T) ) (17). 
and its estate eee is given by 
d1/nr)/dT 
OS dh T) aie: 1 
Sey) — ik 
ath 
aco ee he oh(T) 


(18) » 
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From Eq. (18) it is readily seen that the 
value {d(1/yx)/dT }/{dhi(T)/dT } decreases with 
decreasing temperature, the lower limit of 
which being given by an inequality 


A /yx)/dT 
ae Sag: oa 
As Egs. (4) and (5) give 
4hi(Te)=hz2/hs (20) 
at T=T., Eq. (18) readily gives 
dafnsyaT | = —S2dh(TyaT | 
f=f,—0 LT a8 


and, needless to say, Eq. (12) holds also for 
the first-order transition. Hence we have a 
remarkable result 

p=-8 (21) 
which is valid independently of hz and h;. 
The relation 1/y vs T is schematically shown 
male 1Suere es 


Be 
9) 


To Te 1h 
Fig. 2. Schematic variation of reciprocal sus- 


ceptibility vs temperature for the first-order 
transition under the conditions (15). 


Eq. (21) does not generally hold if the con- 
ditions (15) are loosened when the transition 
is of the first order. If temperature depend- 
encies are postulated on /: and hz, as an 
example of loosening the conditions (15b) and 
(15c), Eq. (10) gives 

ne 8{ 1 3 dhxiT)/dT hiT) 
4 dhi(T)/dT hT) 


Sahitya uP) Sh 


=r, 
(22) 
In another example in which a positive tem- 
perature-independent coefficient /, is intro- 
duced, while hz and hs are still assumed 
temperature-independent, we have 


p=—10+ (23) 


2 
V 1—3hshalhs? * 
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It can generally be said that p is rather 
sensitive to the form of the expansion of 
free energy when the transition is of the 
first order. 


§5. Special Transitions 


According as h2(Tc)20, the transition be-- 
comes of the second order or of the first 
order, respectively. In this section, the inter- 
mediate case, i.e., 42(Tc¢)=0 will be discussed.. 
(i) The second-order transition: 


hxTo)=0, (24a): 
ha To) >0, (24b): 
no restriction on /in(T.) (m>4). (24c): 
Eq. (10) reduces to 
y n(n—1)2hinl T)P 2"? 
p=—2-— 
2 nn hl T) Pee re je 
(25) 


for Ps;?(Tc)=0 when the transition is of the 
second order. Under the conditions (24), this. 
equation results in 


p=-4. (26): 
Under the more general conditions 
hr To) =0 (n=1, 2, ---, N—1), (27a)) 
hy(To)>0 , (27b): 
no restriction on hn(To) (W>N+1), (27c): 
we have the generalized rule 
p=—-2N—1). (28): 
(ii) The first-order transition: 
h2=0, (29a): 
hz=const.<0 , (29b): 
hs=const.>0 , (29c) 
In=0  (n>5). (29d) 


Although P:*(T-)+0 for the first-order tran- 
sition, the fact that dhn/dT=0 (n#1) makes. 


Eq. (25) hold for this case, too. As Eqs. (4) 
and (5) give 
eee C0) ee) 
p can be readily calculated as 
p=-12. (31) 
Under the more general conditions 
n=0 (n=N,n#+M, M>N), (82a) 
hw=const.<0, (32b) 
hm=const.>0 , (32c) 
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Eqs. (4) and (5) give 


(N—LDhw 
WT) = ake, 
P,?"-¥)( To) (M—Dhw ’ (33) 
and hence p is calculated as 
p=—2.N+M-—1). (34) 


It seems rather unlikely that the term next 
‘to the second-power one is not the fourth but 
the higher one in the expansion of the free 
energy, but there seems to be no reason for 
excluding such a postulation as a conventional 
expression for a steep potential in a phenome- 
nological discussion. It is noteworthy that 
‘the absolute value of pf is always increased 
in such a steep potential, compared to a usual 
cone of non-vanishing fourth-power term, for 
both first- and second-order transitions. 


‘$6. Antiferroelectricity 


Kittel®) phenomenologically treated the anti- 
-ferroelectricity considering polarizations P: 
-and P; of two equivalent sublattices. A dis- 
‘cussion parallel to the preceding sections is 
possible for this case, being almost unaltered. 
‘The free energy per unit volume of an anti- 
‘ferroelectric is now expanded as 


A(Pi, Ps, T)=AdT)+f(P2 +P.) 
+gPiPst 3 ha(Pi®+P2). (35) 


‘When g>0 a solution Pi\=—P2 gives a lower 
‘free energy than the solution P:=P:2, causing 
-an antiferroelectricity. 

According as h.(T-)20, the transition is 
-of the second or the first order respectively, 
provided that 2/—g has a positive tempera- 
‘ture dependence. The magnitude of g is an 
index of the dominance of antiferroelectricity 
-over ferroelectricity, and if it has a tempera- 
‘ture dependence no simple relation is obtained 
‘for p.* For a discussion of antiferroelectrici- 
ty, g is now postulated as temperature-inde- 
‘pendent, and then it can be shown again that 
‘the rule p=—2 holds for the second-order 
“transition even when any number of terms 
.are taken into account in the expansion and 
any temperature dependence is postulated for 
every coefficients. For the first-order transi- 
‘tion, on the contrary, an expression of p is 
“complex in general, but Eq. (21) holds under 
ithe conditions (15), whereas Eq. (16) does not. 


* In this case, p is defined by 
p=dUnarvaT | /aineya | 
T=T,—0 T=f + 


0 
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§7. Discussions 


It has been found that p is always equal to 
—2 when the transition is of the second order 
except in the very special cases discussed in 
§5. This is indeed supported by the fact that 
values of p of the second group in Table I 
are near —2. It can be concluded, therefore, 
that the value of p is very insensitive to the 
functional form of free energy for the second- 
order transition. This result suggests that 
little will be gained by elaborating the func- 
tional form of free energy in a phenome- 
nological discussion of a ferroelectric with 
the second-order transition. 

In the case of the first-order transition, on 
the other hand, the situation is quite different 
and p is very sensitive to the functional form 
of free energy, and it takes the ideal value 
—8 only when the severe conditions (15) are 
imposed. Values of p of the first group in 
Table I are, nevertheless, rather close to —8. 
In the present stage it is uncertain whether 
this fact shows the validity of the severe 
conditions (15) or it is merely an “accidental” 
result of canceling of the deviations from 
Eq. (15) in several coefficients. Whichsoever 
the true explanation may be, it seems difficult 
to seek the physical meaning of each term of 
such an expansion because of at least two 
facts; i.e., that the value of p is affected 
very sensitively by the functional form of 
expansion, and that each term of the expan- 
sion has the same order of magnitude show- 
ing no tendency of convergence. The circum- 
stance that many terms are needed to reason- 
ably explain the various relations at the phase 
transition seems to show an evidence of a 
limit of phenomenological theory in this direc- 
tion of progress. 

It is interesting to note that p of the second 
group in Table I have a general tendency of 
deviating from —2, the theoretical value, 
towards larger side in the absolute value. 
Hoshino et al insisted that the absolute 
value of p of (CH2NH:COOH);-H2SO, is larger 
than 2 because of the domain clamping which 
reduces the dielectric constant in the ferro- 
electric phase, and a similar deviation in the 
case of CaB;0.(OH);-H.O was attributed by 
Wieder’? to a thermodynamical fact that the 
adiabatic dielectric constant is smaller than 
the isothermal one in the ferroelectric phase. 
A variety of reasons causing the deviation 
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of p from —2 may be considered. The values 
of p of the third group in Table I are less 
than 2 in the absolute value. These values 
do not seem to have a simple explanation. 
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The Fermi momentum k,, and the interior density 0; are calculated 
for free electron metals perturbed by localized imperfections, and the 


Thomas-Fermi relation 0;=km3/3r2 is verified up to the higher order. 


Then 


it is shown that the Friedel theorem can be based on the above relation. 
When the Fermi momentum k,», is expressed in terms of the phase shift 7 
of the free electron wave function, the charge neutrality condition in the 
interior leads to the Friedel sum rule for the case of the plane surface 


as well as of the point imperfection. 


$1. Introduction 


As for the heap up charge of free electrons 
around a localized imperfection in metals, 
Friedel!-?) suggested a theorem, which plays 
an important role in the theory of imperfec- 
‘tions*~®?. 

In treating the heap up charge he did not 
discuss directly the complicated behaviour 
of the electron density around the imperfec- 
tion, but took account of the effect of the im- 
perfection on the almost uniform density in 


the region far from the imperfection where 
the perturbation potential due to the imper- 
fection vanishes but the effect is integrated 
to give the phase shift of the electron wave 
function. 

It is important in his treatment that the 
uniform density in the interior should be dis- 
cussed up to higher orders. But he based 
his theorem on the Weyl-Laue theorem”, 
which is not valid up to the higher order 
that he required. And therefore his verifi- 
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cations are not considered to be rigorous. 
Plaskett!” investigated the validity of the 
Friedel theorem for the one-dimensional metal, 
but he made use of a somewhat ambiguous 
averaging process. 

The main purpose of the present paper is 
to verify the Friedel theorem based upon the 
Thomas-Fermi relation between the interior 
density o: and the Fermi momentum” km for 
the perturbed electron gas, because the 
Thomas-Fermi relation in the interior, not 
the Weyl-Laue theorem, can be proved to be 
valid up to the required higher order. Some 
of the relations of which use were made before- 
hand in the previous paper" (hereafter re- 
ferred to as I) are verified in this paper. 


§2. Model and Formulation of the Problem 


The notations and the model in the present 
paper are the same as those in I; we regard 
the metal as the system composed of the 
jelly of positive charge having the volume Vo 
and the uniform density 0) and of the assembly 
of No (=o0Vo) free electrons. For the free 
electron gas in a potential box bounded by 
the infinite wall the ordinary Weyl-Laue 
theorem is true; the number Mk) of the 
electronic states of momentum smaller than 
k is given as k?V/3z?, where V is the volume 
of the box, independently of its concrete 
shape. 

Now we consider the effect of a localized 
imperfection on the distribution of the free 
electrons. It can be studied, without so great 
loss of generality, by investigating the in- 
fluence of some appropriate surface potential 
barrier; for example, even the potential due 
to an atomic vacancy can be regarded as the 
one due to a cavity surface. 

In this case, as was pointed out in I, we 
make use of the more precise expression for 
the Weyl-Laue theorem M(k)~k? V/3z?—k?S/87, 
where S is the area of the boundary surface. 
From this expression it appears that we can 
straightforwardly conclude the relation 


NRm)=0i1V—Q0S , (2.1) 
where the interior density 9:=kmn3/3z? and the 


charge expelled from unit area of the infinite 
wall Qo =Rm?/8x; the validity of the relation 


Pk, r)={1+ d(Rz)}-X™ (Re, x)-(1/L1)-expi(kyy+kzz) , 
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(2.1), however, is not self-evident, but is re- 
quired to be verified. 

When the infinite wall is replaced by a 
more realistic potential barrier, the situation. 
is more complicated, where we have no clear- 
cut definition of the volume and of the Fermi 
momentum. The volume is clearly defined. 
only in the case of a step potential barrier. 
The potential barrier gives rise to a phase 
shift in the electron wave, and results in 
deforming the quantized points in the k-space. 
The exact Fermi momentum km must be 
calculated for this deformed lattice. 

Accordingly we must consider the following 
points: 

(1) Order of the validity of the Thomas-- 
Fermi relation in the interior for the electron. 
gas bounded by the infinite wall. 

(2) The relation between the Fermi distri- 
bution in the case of the infinite wall and that. 
in the case of any other potential barrier. 

(3) The validity of the Thomas-Fermi 
relation for the electron gas bounded by any 
surface potential barrier. 

(4) The explicit expressions both for the 
Fermi momentum and for the interior density 
in terms of the phase shift. 

(5) The rigorous verification of the Friedel. 
theorem and his sum rule. 

For simplicity we shall discuss mainly the 
the system bounded by the plane surface, 
say the plate metal with the finite width Lo. 
in the x-direction and infinite in the other: 
two directions. 

We start with the case of the infinite wall. 
potential V(x) which is infinite on the edge 
planes x=0 and Ly. Imposing the usual cyclic 
boundary condition of the period Li in the y: 
and the z directions, we get the wave function. 
b(k, r), for the free electron, which is ob- 
tained by replacing ZL in Eq. (2.17) of I by Lo,. 
asX(Re, x) =V/2/Lo sin (Rex) etc. 

Then we consider the case of the surface 
potential barrier V™(r)=V™ (x), which has. 
the symmetry with respect to the midpoint. 
xe=L,/2 and vanishes in the sufficient interior 
of the system and exceeds the Fermi energy 
km?/2 outside the system. The wave function. 
is expressed as 


(2.2)s 


*) Atomic units are used. 
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~where 
ik @ 
O(kz)= -——= Fiz)’ Za 
MA ATF og, Ale) sie 


cand 7(kz) is the phase shift. In terms of 7(k.), x is expressed as 1/2/Lo-sin {hex +y(kx)} in 
the interior of the metal. The relation (2.3) is deduced in the appendix. 


$3. The Thomas-Fermi Relation in the Case of the Infinite Wall 


In the case of a infinite wall the wave vector is pues to be k(n); 2a") =(t/ Lo) nz, 


M2—+T1, +2,---, kyY=(x/Li)my, my=0, <1, 2, etc. The Fermi momentum kn! is 
«determined by re one eae 


N(Rm'?)= No =Re? LoL1?/32) , (3.1) 


where N)(k) represents the number of states of momentum smaller than & in this case and 
kr=(3z"00)'/?, defined by the positive charge density oo or by the total number No of free 
electrons, is the Fermi momentum for the uniform electron gas. Since N'(km) has been 
obtained as Eq. (2.19) in I, we have 


Rie Be ee oe (2 3.2 
aa iP re(1t+ (3.2) 


a 
AL ykr ]- 


The density of the electron gas p")(r) is obtained by replacing L in Eq. (2.21) of I by Lo. 
And we get the interior density 


kr kr? kr 
{o= =o+ 3 
bi Braun A7cLo o A4rLo 
and then 
OTE @.2) 


‘Thus the Thomas-Fermi relation is verified up to the first order in 1/Lokr (=S/V-ke), and 
‘therefore the validity of the relation (2.1) is verified. 


$4, The Thomas-Fermi Relation in the Case of Any Surface Potential Barrier 


Now we consider the case of any potential barrier V'*)(x). The wave vector is expressed 
.as the lattice point k'*’(n) deformed from k(n); 


k*(n)=k(n)+J4k , 
~where 


Further we assume that the potential does not trap any electrons; and then 


7(0)=0. (4.2) 


4.1 Fermi momentum 
In the approximation of the first order in 1/Lokv, we obtain 


N“*(k)= 2 eile ee (8)2(94,.) 
ee ee at WPL bedi. (4.3) 
ana An 


-where m is given by ke (m)=k. Similarly to kn‘, we can determine the Fermi momentum 
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Rm™® from N*®(Rm'*®)=No as 
Rm™ = Ro 6) 7 


where 
2, CH 
€=—-———- - kz) Rxdkz , 
ae \ (he) 
or 
DA. 1 (*r ‘ 
R= a ae aT a ee ‘kz dkz a 4,4) 
Seas an ke) \ (4.4) 


Then we investigate the relation between the Fermi distributions in the cases of V(x) 
and of V'*(x), and examine the correctness of the usual assumption that the Fermi distri- 
bution in the n-space is preserved when we replace V’ by V™> 

A lattice point n corresponds to k(n) and to k(n), respectively in the case of V“) and 
V™®, If the Fermi distribution in the n-space be preserved, the one-to-one correspondence 
can hold between the lattice points in the k-space in the Fermi distribution for V‘ and 
those for V'*). But this is not true, since the Fermi distribution is spherical in the k-space 
in both cases. In fact, the Fermi top in the n-space is not preserved; it is m:'=Lokm'?/z 
in the z-direction and m2\=Likm'/2x in the my and m,-directions in the case of V’”, but 
m*~=m[1+é6+{27(kr)/Lokr}] and ne =n2"(1+6&) in the case of V™, 

To the approximation of the first order in 1/Lokr, however, the one-to-one correspondence 
holds, and then the Fermi distribution in the n-space is preserved. It can be verified as. 
follows. 

If we assume the validity of the one-to-one correspondence, the Fermi surface in the k- 
space for V‘*) is obtained from the Fermi sphere for V“ by the correspondence of k")(n) to: 
k(n). Therefore the perturbation energy 4E>» is obtained conventionally by summing the 
energy change k'dk over the preserved Fermi distribution in the n-space; 


Lo 


Tw 


Ibs 
2n 


Le? 


7c” 


k k 
Ay = * hee (Aka (hr? — he?) -dhke=— | * (ken) Ral kr? —ha®)-dhe « (4.5) 
0 0 


On the other hand, we can obtain 4E» more exactly as the difference between the ground 
state energy FE’ in the case of V' and that E™ in the case of V*), which are calculated. 
from the expressions for N'(k) and N™(k) as 


Ene SONY kr® Rr‘ 
j= k2 Es Je bE 
E | 9 Ok dk 10m oli ee Lee 
Fd BONS kr* 
E*= =| pS = LoL? ) 
\ ary) 10 et 
kr 1 kp 
2 os ¥5 _—_ 7 
+211 ee = | n(Rx) Re (Rr kz”) dhe} ; 


where we use Eqs. (3.2) and (4.4) respectively. The difference E'*—E™ agrees with the 
conventionally calculated 4Ey. Thus the assumption has been proved to be valid, and then 
we can regard the deformed sphere as an approximate Fermi distribution in the case of V*, 

Although it seems rather artificial to consider such deformed Fermi sphere, it is convenient 
to calculate 4E, and advantageous in the point; (i) we can replace the summation by an 
approximate integral over the preserved Fermi distribution in the n-space, (ii) we can apply 
to the case of the point imperfection. 

Then we shall give the definition of the average Fermi momentum over the deformed 
Fermi sphere. We start with a simple deformation, a uniform expansion, of the lattices. 
caused by the addition of Z electrons or by the contraction of the potential box in the x- 
direction by 2b. Such perturbation causes the Fermi sphere to expand uniformly by 4km 
and the interior density to increase by 4o;. These changes are connected by the relation 
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A i= ee 


Akin Me —Akm ’ (4.7) 
where 
40:=Z/LoL:? ; and 2b0:/Lo ’ 


respectively in the case of the addition and of the contraction. In order to generalize Eq.. 
(4.7) to more complicated deformations, we rewrite 4; as 


\\de =i. [thm 


where dw is the surface element on the Fermi (hemi-) sphere and (4km)n is the component: 
of the displacement normal to the Fermi surface, the integral being carried out over the: 
Fermi surface. Then it is reasonable to define the average displacement <4km> and con-. 
sequently the average Fermi momentum <n) as 


1 
4oi= 
E 27° 


|(Akinn do 
ARm — = 4 m )n % 
<Akm> (do aN Kim)ndo (4.8) 
and 
Rim) = Rm +<ARm> > (4.9): 


in a general case where (4km)n may depend on the directions. The validity of the definition. 
is proved as follows: Since (4km)n=—(2/Lo):7y(kz)+kz/kr and the surface element between kz: 
and kz+dkz is 2xkrdkz, we have 


Z 
Lokr’ 


Gh =e ie he Rede . 
This gives the same expression for <Rkm'*)> as km'*) given by Eq. (4.4). Thus the validity 
has been verified. 

The relation (4.7) is also valid for <4km> as well as for 4km. In terms of o:'*)=p;'+40:,, 
it is rewritten as pi =(Rm'*)>3/3z?, which will be verified in the next section. 
4.2 Interior density 

The free electron density o'*)(r) in the case of V*), defined as 


7,0) 


p(n) = eC Ron {1+6(k (x) }2 |X Ra ™ (Ne), x) |*{Rm'*)? —R*?2(nz)} : 


cannot be expressed in a simpler form. But the asymptotic behaviour o:‘*) in the interior 
can be reduced to a simple expression in terms of the phase shift up to the first order im 
1/Lokr as follows. 

Making use of the approximation 


{1+0(kz™)}*- [200) 2 | 22+ [XH |? — |X") |2) + 26(Re™)- |X) 2 , 


we divide the summation into three parts. The first part including [%"|’, 


—— Skim? — Sep Gi) OS Re (ne) (Re?) }- sin? (Renz) x} 
ae Lo 


is reduced in the interior to 


+ Ne (Re): Rede — = (he!) -he'"(M2)- COS (Zhe) , 
7 7 Lo 0 
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and the second and the third parts are approximated by 


ee, a ie (D). | : { (a) he?) (Sie 
are D Rn? — Re*)- sin {lke )-(4 je sin 42k2')% + y(Re') iz 


cand 


fly B(ke)- (er? — Ba?) dhe —2- 5 Bho!) (Ra? — hee”#) “COS {2h + 2n(hal)(2 = 
ce 0 z Lo es ic 


Then we investigate lim o%*(x), where x/Lo is kept to be a constant C. iIn-these three 


g~— 00 


‘parts, we meet terms of the type 
s(M)= = #(#)-sin [ancn+e(s7)t 
n=1 N N 


-with smooth functions f(x) and g(x). This sum has the properties 
lim S(NV)/N=0, 
N-0o 


cand, when f(0)=f(1)=0, (4.10) 
lim SWV)=0. 


N- ow 


Making use of Eqs. (2.3), (4.2) and (4.10), we obtain 


a®= lim p(x) =Rm'*3/37? , (4.11) 


~—0o 


«or, from Eq. (4.4), rewrite this as 


ENCE 2 T kp 
jes {oo kz Rd he 2 a)* RhehRe 

‘ 7 Lo \ we as a 8 oe i ae \ ; 41g) 
‘Thus the Thomas-Fermi relation has been verified in the interior up to the first order in 
A/Lokr. 


‘$5. Rigorous Verification of the Friedel Theorem 


So far we have considered the effect of the perturbation potential of a given form upon the 
‘electron density and the Fermi distribution. However, a localized imperfection is specified 
not by a perturbation potential but by an arrangement of the positive ions, or by an ap- 
‘proximate distribution of the positive jelly. And the perturbation potential due to the im- 
‘perfection ought to be determined by taking account not only of change in the positive jelly 
but also of the screening effect of the electron gas self-consistently. 

Friedel investigated the condition under which the perturbation on the free electron should 
‘be localized around the imperfection, and could formulate the condition as the Friedel 
‘theorem, which can be stated as follows: 

‘G) Localization. Far from the imperfection, the density of the free electron gas tends toa 
‘(almost) constant value 9:=Rm'/3z7?. 

(ii) Preservation of the Fermi momentum. The coulomb field due to a localized imperfec- 
‘tion should be completely screened by the perturbed electron gas. The charge of the 
‘electron gas, therefore, should be neutralized in the region far from the imperfection by 
‘the charge of the positive jelly; o:=0o, or km=ky. The latter is called the Friedel theorem 
“in a strict sense. 

(iii) Sum rule. For a (isotropic) point imperfection in a spherical metal of large radius R 
tthe heap up charge Q of the electrons around the imperfection is expressed as 

Q=4. S21 
=o 2 (I+) nthe) , 6G) 


°° 
l=0 
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where 7 is the phase shift of the electrons in the /-state. 

This theorem has been explained by Friedel in various ways'-*). But he did not consider 
so carefully to which order the equations pi=Rn'/3z? and km=k»r are valid. In order to deduce 
the sum rule he developed two different methods. 

(a) He expressed” the contribution (4Q); of the J-electrons to Q as 


ey ae R dk hes ea (ora) 
Summing this over all electrons, he derived Eq. (5.1). Although Eq. (5.2) has a wide appli- 
cability, his deduction was not rigorous, since he did not relate O7./0k with the change in 
the normalization factor. 
(b) As another proof, he showed! that Eq. (5.1) can be obtained by summing (2R/z)-(yi(kr)/ 
AR)-(21+1) over all /-states, where 7(kr)/R is the displacement of the Fermi momentum for 
ithe /-electrons and 2R/z is the state density in regard to k for /<Rk. In this method, 
however, the ordinary Weyl-Laue theorem is implicitly assumed to be valid up to the higher 
order. 

We shall now attempt a more rigorous verification of the Friedel theorem. From the pre- 
ceding discussion about the plane surface it follows that the relation p:=km'/3zx? is valid up 
to the first order in S/V-kr. This will be generalized to any localized imperfections. And 
the long-range nature of the coulomb force also requires the validity of km=k,r at least up 
to the first order*’ in S/V-kr. The preceding discussion also shows that it is possible to 
replace the Fermi momemtum in (i) and (ii) by the average Fermi momentum. For detailed 
treatment of (iii) we classify the imperfections into two types. 

5.1 Plane surface potential 

Now we assume that the Friedel formula (5.2) is applicable also to the surface potential 
barrier. Then the contribution 4Q of the electron of momentum k to the heap up charge 
@ per unit area of the surface will be expressed as 


qos an (5.3 
Q= = Fa Wee) (5.3) 


and then 


ha 


1 Fo On 1 ‘FP 
=A = -(R 2 Re dk ae Veh. kedkz ’ 
Q=5dQ= | OE het hetidhe = =| * ale 


where we use Eq. (4.2). 
Since the infinite wall expels Q:=k,r?/8x per unit area, the total heap up charge is Q—Qo. 
The charge neutrality condition in the interior requires @=Qo, and is expressed as 


Kap f 
| PF a: Oe a (5.4) 
0 


This is correct, because this is derived by substituting o:\*)=o. in Eq. (4.12) and also by 
inserting Rm*=kr in Eq. (4.4). Accordingly the formula (5.3) has been verified. 
5.2 Point imperfection 

The verification of the Friedel theorem proceeds similarly to the case of the plane surface 
barrier, except that the sums of trigonometrical functions in the latter case are replaced by 
those of Bessel functions. The summation involves more complicated calculations. And 
then we shall investigate only the outline of the verification. 

We start with a free electron metal bounded by a spherical infinite wall of radius R. 
The radial part of the wave function is given by Ni(k)-Ji+1/2(k-r), where N, is the normal- 


*) More exactly, lim (@;—(0)-Lo%/?=0 for the plane surface and lim (0:00): R/2=0 for the point 
Lo R->0 
0 


imperfection. 
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ization factor and J, is the Bessel function of v-th order. Then we introduce an isotropic: 
imperfection at the center of the metal. . The radial part of the wave function in the region. 
far from the center and the outer boundary becomes 


Niel -= . Z mn(B)} Fossrn(b-7) (=) tan qr J-ca4sj2(R-r)} , 
just as in the case of the plane surface barrier. 
The imperfection changes the Fermi momentum of the /-electrons by (4km). Since the 
state density of the J-electrons with regard to k is (2R/z)-sinz(k), where cos t(k)=(2/ +1)/2Rk, 
the average Fermi momentum should be defined as 


Rm>=Re +<ARm> ; 


where 
S(21+1) sin tlkr)-(dkm 3 dF 
(dem = —Folttysinc(ke) 2 (R-Bs? Bh (21+1){sin c(kr)}+(Akem)r . (5.5) 


The displacement (4km): for an isotropic imperfection is expressed in terms of the phase 
shift a(k) as (dkm)=—7(Rm)/RX—ylkr)/R. The linear dimension D of the imperfection is 
assumed to be far smaller than R. This, together with the properties 720 for />Dkr, 
permits the approximation 


Rk 


Ol aire eee) sin t(Rr)& pst (271+1)-9(Rkr)& m3 (21+1)-y(kr) , 


1=0 
and then 


SED) an) (5.6) 


A if 
‘ ‘ ? 2R?°k yx? l=0 


Just as in the case of the plane surface potential barrier, we assume the validity both of 
the Thomas-Fermi relation in the region far from the center and the boundary and of the 
relation (5.6). Then we can get 4o:=kr?<A4Rm>/x? again. Since the decrease in the interior 
density should be attributed to the heap up of electrons around the localized imperfection 
at the center, we get the heap up of electrons as 


Q=—V-4o=—* - Rkr(Akn) = 
37 


a |v 


S Ql+1)-nlke) , (6.7) 


verifying the Friedel sum rule. 
When an impurity atom with (1+Z) valency is introduced in monovalent metals, the 
Friedel theorem requires that <4km>=0. This is rewritten as the usual Friedel sum rule 


== > (21-41) nike) , (5.8) 


because the displacement <4km> is composed of two terms; the first <4km>:, caused by the 
increase of Z free electrons, is 


pe) Sh, 3 a 


Akm = ——— 5 
Ais kr? V 2R%kp? 2 Bo 


and the second <4km>2, caused by the screened potential due to Z valency impurity ion, is 
given by Eq. (5.6). Equation (4km>:+<4km>2=0 leads to Eq. (5.8), and therefore the Friedel 


sum rule in the form (5.8) is proved to be an expression of the Friedel theorem in terms 
of the phase shift. 
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§6. Conclusion 


The definite answers to five problems in §2 have been given for the case where the loca-: 
lized imperfection is a plane surface. The effect of the surface potential barrier is integrat- 
ed into the phase shift of the free electron wave in the interior. The phase shift affects: 
both the Fermi momentum and the interior density. Eliminating the phase shift from the 
expressions for the Fermi momentum and for the interior density, we can find the familiar 
Thomas-Fermi relation between them. 

The Friedel theorem can be based on the higher order validity of the Thomas-Fermi re- 
lation. The Friedel theorem and his sum rule are proved to be the results from the charge 
neutrality in the interior in terms of the Fermi momentum and of the phase shift, re- 
spectively. 

The Friedel sum rule given by Eq. (5,4) for a plane surface, together with the expression 
(4.6) for the ground state energy, has played an important role in I. Strictly speaking, the 
present verification is restricted to the case of the plane surface. Therefore it is desirable 
that treatments?) based on the orthodox perturbation theory should be carried out in the 
case of general imperfections. 
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Appendix. Deduction of Eq. (2.3) 
From the symmetry of x with respect to x-=L,/2, it follows that 


L /2 
A+a(h)}*| CTE de =: (A.1) 


-o 


Since the perturbation is localized around the surface, we have |é|<1 and then 


1 (hi 
ce | IX(Re, x)l2de . (A.2) 


— 0 


The integration can be carried out, in the way similar to Friedel’s. The wave equation for 
WO) is 


es a L*(ke, x) +{E(k)—V(x)}- 2(Re, 2)=0, (A.3) 


where 
E(B )=|ki?/2 . 


Provided Ly is so large that the eigen values are distributed almost continuously, we dif- 
ferentiate Eq. (A.3) with regard to kz; 


LO, _— Yr) Cl Se het =0 (A.4) 
5 about | EM) V *\(%)} Oke + ke ; (A.A 


By subtracting %* times (A.4) from 0%/0k. times (A.3) we get 


1 0 (ne Ox) ~—- 24K) 100 bea 1OPE (A.5) 


2 0x\| Ox Okx OXOkz 


Integrating Eq. (A.5) with regard to x, we have 


1336 Akira SUGIYAMA (Vol. 16, 


70 we) dy =k, J+ b ‘ A6 
ke| Ix! Vem bet bas a a -7(kz) (A.6) 


oo 


where we use the behaviour of x*) for x-—co and x=L)/2. Then, from Eq. (A.2) it follows 
that 


ily 
ORs y (A.7 
scala A ei 


Finally we treat a more general case where the surface barrier depends not only on x 
but also on k. Now the potential has non-vanishing values in the interior. We obtain the 
phase shift 7(k) and energy eigen values E(k) as somewhat complicated functions of k, The 
previous results, however, are only little modified. We get 

Bes ee Fe ERO Pee A ey ee i te a0 
JL Okx IL 
as the generalization of Eqs. (2.3) and (4.1). The definitions (4.8) for <4km> and (4.9) for 
<km*> are still valid. For the charge neutrality condition (5.4), we obtain 


alee hed yds = © be? 


where the integral is carried out over all occupied states, or, by making use of the GauB 
theorem for the surface integral, we get 


il rr 
Akm aa 
Saat On i htatir, o 


Fermi surface 


for the condition <Rm'*)>=kr. 
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Antiferromagnetic resonance experiment was performed on a single 
crystal of CoCl,6H,O in the frequency range of 9.5 to 47kMc/sec at 
liquid helium temperature. The result can be understood by the theory 
of antiferromagnetic resonance developed by Nagamiya and Yosida and 
also by Ubbink et al., except for certain systematic deviations from the 
theory. These deviations can be removed by introducing a large aniso- 
tropic exchange interaction of the symmetric tensor form in place of the 
ordinary small anisotropy energy. Thus, the effective fields acting on 
sublattice magnetizations, M+ and M-, are assumed to be of the form 


Hr*=—-AM*F-—TI M+—A'Mt-TI'M:, 
where A and J are the isotropic molecular field constants and A’ and 
I’ are newly introduced anisotropic molecular field tensors. It was 
found that the symmetry axes of A’ and I’ coincide with those of the 
g-tensor and their corhponents are given by 
ph AV ye A,’=0.20A , A,/=—0.45A, 
I =O019A , E{=O018 A"; Te (sone 
where x, y and zg correspond to the c-, b- and q/-axes, respectively. 


Line width measurements were also performed in the para- and anti- 
ferromagnetic regions and a rapid narrowing was observed at low tem- 


peratures. 


Introduction 


§1. 


Since theoretical studies’) of antiferromag- 
netic resonance and observations” of such a 
resonance in CuCl:2H:O were made, attempts 
to find similar resonances in other antiferro- 
magnetic substances have been made by 
several researchers. Unlike the case of para- 
or ferromagnetic resonance, however, the 
possibility to observe antiferromagnetic reso- 
nance under ordinary resonance conditions is 
confined to a relatively few number of anti- 
ferromagnetic substances for the reason that 
the required frequency or magnetic field is 
too high in most of antiferromagnetic sub- 
stances. Let us consider the simplest case 
of uniaxial anisotropy energy. The resonance 
frequency in this case is given by 


(O) 


(=o Hp tH , Ha>Ha, H, 
7 


where y is the gyromagnetic ratio, Ha the 
anisotropy field, H» the exchange field and 
H is the external magnetic field applied along 
the easy axis. Ha may range between 10? 
and 10°Oe, and for antiferromagnetics with 
Néel temperature of ~10°°K, Hs may be 
~10°Oe. Therefore, a high frequency or a 


strong external magnetic field will be required 
to satisfy the resonance condition. Sub- 
stances 1n which antiferromagnetic resonance 
was observed up to the present time are 
CuCl:2H:O by the Leiden group?’, CuBr22H:O: 
by the present author?), MnF2 by Johnson 
and Nethercot*) and Foner®’, CrO3; by Day- 
hoff® and Foner’, CuCl2D2.0 by the present 
author®’, FeF: by Tinkham and Ohlman®), and 
NiO by Kondoh!”, The latter two observa- 
tions were made with far-infrared technique, 
and Foner used high pulse magnetic fields. 
So far as the author is aware of, no ex-. 
periment has been reported on the antiferro- 
magnetic resonance in cobaltous compounds. 
In the antiferromagnetic resonance in com- 
pounds containg Cot+ ions, the contribution 
of the orbital angular momentum should play 
a role. Usually, the effect of orbital angular 
momentum can be expressed in terms of the 
effective g-tensor. However, in the pheno- 
menon of antiferromagnetic resonance, this 
g-tensor can be reduced further to an isotropic 
tensor by introducing a modified external 
field, as was discussed by Ubbink?) and 
Nagamiya"’ in the case of CuCh2H:O. In 
CoCl:6H20, however, the deviation of the g- 
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value from the free spin value is so large 
and the exchange interaction so small that it 
is interesting to check whether such a reduc- 
tion alone is sufficient or not. It is also 
interesting to investigate the resonance line 
width, because the presence of the orbital 
angular momentum will give rise to a short 
spin-lattice relaxation time and a large aniso- 
tropic exchange interaction, both of which 
will broaden the resonance line, especially 
in the paramagnetic resonance. 

Among the cobaltous compounds, CoCl:6H20 
is one of the most stable hydrated salts and 
can be easily obtained from the saturated 
aqueous solution. The antiferromagnetic be- 
havior of the salt was first discovered by 
Haseda and Kanda!’ from the measurement 
of the powder susceptibility. The x-ray 
analysis of the crystal structure’, the speci- 
fic heat measurement'® and the single crystal 
ssusceptibility’?.'» were reported recently. It 
has become clear that this salt is antiferro- 
magnetic below 2.29°K, and this has been 
also confirmed by a proton resonance experi- 
ment?®, 

As was reported in a previous short note”, 
the present author observed the antiferro- 
magnetic resonance in CoCl6H20. In the 
present paper, detailed results and discussion 
of the experiment will be given. 


§2. Crystal Structure and Spin Orientation 


The X-ray analysis of CoCl.6H:O was per- 
formed by Mizuno, Ukei and Sugawara!?’. 
The crystal structure is monoclinic (@= 
122°19’) and the lattice constants were deter- 
mined to be a=10.34A, b=7.06A and c= 
6.67A. The space group is C3,—C2/m and 
the unit cell contains two Cott ions which 
form a base-centered structure. Two Cl- 
ions and four water molecules are octahedrally 
‘coordinated to each Cot+ ion so as to form a 
CoCl:4H20 group. The crystal has a layer 
structure parallel to (001) and shows a perfect 
cleavage along this plane. A simplified model 
of the arrangement is shown in Fig. 1 (a) 
and (b). As is seen in Fig. 1 (a), there are 
two equivalent slightly distorted octahedrons 
in a unit cell, whose principal axes are per- 
fectly parallel, so that the magnetic analysis 
of this crystal can easily be compared with 
that of CuCl:2H.O. The angular relation be- 
tween the octahedrons and the unit cell is 
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shown in Fig. 1 (c), in which we introduced 
two new axes a’ and a” for convenience. 


(a) Schematic view of the unit cell. Two free 
water molecules are not drawn. There are two 
octahedrons in a unit cell having equivalent 
crystallographic orientations. 


(b) A unit octahedron. 


4He2O plane 


(c) Angular relations between the axes in ac- 
plane. 


(d) Modified unit cell showing a slightly deformed 
body centered structure. 


@---- Co** jon 
O@=F=-=16 [enon 


O--— HeO molecule 


Fig. 1. Crystal structure of CoCl,-6H,0. 
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‘The a’-axis was defined to be perpendicular 
to both the b- and c-axes; the new rectangular 
coordinate axes, a’, b and c are convenient 
to analyse experimental data as will be shown 
in the following sections. On the other hand, 
the a’’-axis is profitable for some calculations 
such as those of dipolar width and dipolar 
sum, because the unit cell can be regarded 
as a slightly deformed body-centered struc- 
ture. The schematic view of the unit cell is 
shown in Fig. 1 (d). 

The spin orientation at low temperature 
was determined to be parallel to the c-axis 
from the susceptibility, proton resonance and 
antiferromagnetic resonance experiments. It 
is interesting to note that the spin direction 
does not coincide with any of the principal 
axes of the unit octahedron as in CuCl2H:20. 
Moreover, it should be mentioned that the 
spin direction in NiCl:6H2O'®, which is iso- 
morphous to CoCl:6H:O, is not along the c- 
-axis but it is along the b-axis. 

Unfortunately, no neutron diffraction ex- 
‘periment is reported so that we do not know 
‘the super-structure of spins. As is shown in 
Fig. 1 (b), there are slight differences among 
-the H.O-H:O distances in the unit octahedron, 
-which may produce an orthorhombic crystal- 
line electric field upon the Co*+ ion. How- 
-ever, the g-values determined by susceptibi- 
lity measurement show tetragonal symmetry 
-so that small orthorhombicity may not be im- 
portant. Accordingly, we shall hereafter not 
«care about this orthorhombicity. Throughout 
‘the present paper, we do not use the unit 
-octahedron coordinate system, which is in- 
clined by about 9°20’ to the cba,-coordinate 
.system. One of the reasons for this is the 
-fact that the magnetic easy axis is the c-axis 
which is not in the 4-H:2O plane, as is shown 
‘in Fig. 1 (b). The other reason concerns 
with our experimental accuracy: the para- 
-magnetic resonance line width is so broad 
‘that it is not possible to discriminate which 
.of the coordinate systems coincides with the 
principal axes of the g-tensor. In other 
words, we encounter no practical contradic- 
-tion when we use the cba’-coordinate system. 


-§3. Experimental Method 


‘(1) Preparation of the specimen 
The specimens used in this experiment 
«were grown from the saturated aqueous solu- 
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tion of pure cobaltous chloride at room tem- 
perature. Dark red single crystals having 
well developed (100) faces were obtained, 
which show a perfect cleavage along the 
(100) plane. To prevent deliquescence, single 
crystals were preserved in pure clock oil. 
The volume of the single crystals used in the 
experiment was 1~10 mm‘, varying with the 
frequency used, i.e. 47~9.5 kMc/sec. 

(2) Microwave equipments and cryostats 

Microwave oscillator tubes used for the ex- 
periment are klystrons 2K25, 2K33, 35V10 
and 50V10 which can be used in the range 
of 10, 24, 34 and 50kMc/sec, respectively. 
Usual experimental apparatus and techniques 
were used to observe the paramagnetic and 
antiferromagnetic resonance absorption in 
CoCl:6H:20. 

The cut view of the cryostats are shown 
in Fig. 2 (a) and (b). Microwave transmis- 
sion method was used for 34 and 47 kMc/sec, 
and wave guide and coaxial cable reflection 
method were respectively adopted for the 
24 and 10kMc/sec regions. German silver 
wave guide with a wall thickness of 0.3mm 
was useful to prevent fast evaporation of 
liquid helium. Specimens were always im- 
mersed in the liquid helium bath in order to 
secure the precise temperature of the spe- 
cimens. The microwave loss and frequency 
shift of the resonant cavity due to the filling 
up of liquid helium are practically negligible. 
A cylindrical doubly tuned resonant cavity 
was used for the resonance in the 10 and 24 
kMc/sec regions. This cavity was originally 
designed for a three level maser in the 10 
GC region!’ and the cut view of it is shown 
in Fig. 2 (b). Cu-Ni alloy was used for all 
the metal parts of the coaxial cable and RG- 
55U polyethylene pipe was utilized as a di- 
electric spacer. Under these conditions, one 
liter liquid helium can be maintained for 
more than ten hours, during which experi- 
ments in the 10 and 24kMc/sec regions could 
be carried out. 

Microwave power levels are of the order 
of milliwatts, and no saturation effect of the 
antiferromagnetic resonance was yet observed 
at this power level. 


$4. Paramagnetic Resonance 


The paramagnetic resonance measurement 
was performed above Tw using microwaves 
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Fig. 2. Cut view of the cryostats. 


of the 10, 24 and 34kMc/sec regions. How- 
ever, no resonance was observed at 10 and 
24kMc/sec. It was seen only in the 34 kMc/ 
sec region. Even in this range, there was 
no resonance absorption above the liquid 
helium temperature and a very broad reso- 
nance line was observed at 4.2° as is shown 
poy Leh yee, ey 

It is well known that the line width of 
paramagnetic resonance under usual condi- 


Relative Absorption 


ie) S 10 
Magnetic Field (kQ) 


Fig. 3. Paramagnetic resonance curves of @COCl)~ 
6H2O at 35.55 kMc/sec. 
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tions is determined by dipolar interaction and 
exchange effect. Usually the former causes 
a broadening and the latter produces a nar- 
rowing effect if the exchange interaction is 
isotropic. The calculated dipolar width of 
CoCl26H:0 along the principal axes using the 
theory of Van Vleck?” are 


4H.w= 620 gauss , 
4H, =2000 gauss , 
4H. =2200 gauss , 


where 4H.’, 4H, and 4H: represent the full 
half width along the crystallographic axes. 

From the above calculation, it is clear that 
the experimental line width can not be ex- 
plained by the usual dipolar and exchange 
effects. 

As is seen in Fig. 3, the widths are 4Hw~ 
4500, 4H,~5000 and 4H-~5000 gauss respec- 
tively, whereas only 100~200 gauss can be 
expected on the basis of the calculated di- 
polar width and the exchange narrowing 
effect?». 

Two origins of these extremely broad para- 
magnetic resonance lines may be considered. 
One of them is a short spin-lattice relaxation 
time of Co++ ion and the other is the broaden- 
ing due to an anisotropic exchange interac- 
tion. It is well known that the spin-lattice 
relaxation time 7: of Co*+ ion in paramag- 
netic state is very short and frequently reso- 
nance cannot be observed because of the 
violation of the relation: 71< Larmor pre- 
cession time, under usual experimental condi- 
tions. If we assume that the line width is 
due to the spin-lattice relaxation time only, 
T: will be estimated to be about 4x10-'? sec 
at 4.2°K. However, anisotropic exchange 
interaction may also make a large contribu- 
tion to the resonance line width. Because of 
lack of the precise treatment of the line 
width due to an anisotropic exchange interac- 
tion, no quantitative analysis can be performed, 
but we shall see in following sections that 
there exists a considerably large anisotropic 
exchange interaction among the cobaltous 
ions so that the extreme broadening of the 
resonance line can entirely due to this aniso- 
tropic exchange interaction. 

The g-values are as given in Fig. 4. The 
principal g-values obtained in our experiment 
are g./=2.9, g,=5.0 and ge=4.0. It is inter- 
esting to compare our data with the results 
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of the susceptibility measurements by Haseda! 
and by Flippen and Friedberg!®). Haseda 
obtained gv=2.7, g5=4.9 and ge=4.9 in ac- 
cord with Flippen and Friedberg. Their data 
are referred to in Fig. 4 with a dotted line. 


| \ 
Hin ac- plane ———> i . 
ef plan H in be-plane 


Lee 


30° O° oO (ale 
(Hic) 
Angle between c-axis and H 


(H//b) 


Fig. 4. Angular dependence of g-value in the 
range of 34~37kMc/sec at 4.2°K. Dotted line 
shows the result obtained from susceptibility 
data. 


Is must be noted that a considerable differ- 
ence is present in ge. This discrepancy could 
be explained as follows. From the result of 
our experiment, existance of a considerable 
amount of antiferromagnetic short range 
order at 4.2°K might be concluded, and this 
is consistent with the result of the specific 
heat measurement performed by Robinson 
and Friedberg”. As will be shown in the 
following section, there is an antiferromag- 
netic field higher than the paramagnetic reso- 
nance field along the c-axis below the Néel 
temperature, and to this the paramagnetic 
resonance field appears to join as temperature 
is decreased and passed through the Néel 
point. Therefore, it is possible that the ob- 
served paramagnetic resonance field is shifted 
to the higher side; this may probably be due 
to the existance of short range order. Ac- 
cordingly, the resonance g-value may be con- 
sidered as apparent; so we shall use the g- 
value obtained from the susceptibility data in 
analysing the results of our antiferromagnetic 
resonance experiment. 

Now let us consider briefly the ground state 
of Cot+ ion in CoCl.6H:0. As is well known, 
the ground state of Cot+ ion is ‘*F, which 
splits into an orbital singlet and two orbital 
triplets in a crystalline field of cubic sym- 
metry. As early as 1951, Abragam and 
Pryce?) calculated the set of levels arising 
from ‘F for the case of trigonal and tetrago- 
nal symmetries including the effect of spin- 
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orbit coupling. Recently, optical absorption 
spectra of CoCl.6H20 and CoBr.6H:O were 
investigated by Pappalardo*) and the results 
were analysed by Koide*) who included the 
higher multiplet levels neglected by Abragam 
and Pryce. However, no data of the crystal 
structure of CoCl:6H20 were available at that 
time so that they assumed the crystalline 
electric field to be cubic. Accordingly their re- 
sults cannot be applied to the analysis of the 
present paramagnetic resonance experiment. 
Considering the effect of higher multiplet 
levels to be small, comparison between the 
theoretical and experimental g-value was 
made, and the result is shown in Fig. 5. The 
agreement is satisfactory. 
6 


@ CoCl,-6H,O 
[=] CoSiFs-6H,0 
A Co(NHy)2:(SO4)2:6H2O 
x  Co3Bi2(NO3)i2-24H,0 magnetic complex I 
+ Mw y I 
Except for CoCl,-6H,0, data come from Bowers 
and Owen: Rep. on Prog. in Phys. 18 (1955) 
304, 

Fig. 5. g-value of the Cot++ ion under the tetra- 
gonal field. Theoretical curve is after Abragam 
and Pryce (ref. 22). 


§5. Antiferromagnetic Resonance 


As was described in the preceding section, 
very broad paramagnetic resonance was ob- 
served in the 34kMc/sec region at 4.2°K. 
Below 4.2°K, the resonance line becomes 
more broad and weak, being accompanied 
with a slight shift toward the antiferromag- 
netic resonance field observed below Ty. 
These effects could be due to increasing 
short range order with decreasing tempera- 
ture. Pure antiferromagnetic resonance was 
observed below 2.0°K and the results are 
shown in Figs. 6~14. Satisfactory data of the 
temperature dependence could not be obtained 
because the Néel temperature is so low and 
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moreover the line width was very large at 
intermediate temperatures. Except for this 
point, a satisfactory amount of experimental 
data was obtained. In Figs. 6 and 7, the tem- 
perature and angular dependences in the bc- 
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plane at 34kMc/sec region are shown. With 
decreasing temperature, the resonance line 
becomes sharp and its angular dependence 
increases. Similar behavior of resonance line 
was reported in the case of CuCl:2H.0. On 
the other hand, weak and angular independ- 
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ent resonance line was observed near the c- 
axis, along which the spins align at low tem- 
peratures. The resonance curves are shown 
in Figs. 8and9. This resonance cannot be seen 
below 35 kMc/sec and the origin of this weak 
absorption is not clear. Above 1.7°K, this 
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Fig. 8. Low field resonance in the qa’/c-plane at 35.550 kMc/sec (1.°5), 
Fig. 9. Low field resonance in the bc-plane at%35.550 kMc/sec (1.5°K). 
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curious resonance vanishes. The experi- 
mental results of the 24kMc/sec region are 
summarized in Figs. 10~12. In this frequency 
range, the results are similar to those in 
CuCl.2H.O. It must be noticed that a dip of 
the resonance diagram of CuCl:2H:.O in the 
ab-plane is not seen in CoCl:6H:2O in the cor- 
responding cb-plane. This fact was confirmed 
with 9kMc/sec, the result being shown in 
Figs. 13and14. The frequency dependences at 
the lowest temperature are illustrated in Fig. 
15. From this figure, it is seen that the 
present results are analogous to those for 
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CuCl:2H.0, though qualitatively. However, 
our experimental results cannot be explained 
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by the theory of antiferromagnetic resonance 
of orthorhombic anisotropy developed by 
Nagamiya, Yosida and Ubbink by a mere 
adjustment of the parameters contained in 
the theory: a systematic deviation was ob- 
served between the theory and the experi- 
ment as was described in a previous short 
report’”, <A detailed analysis of the present 
results by improved theory including a large 
anisotropic exchange interaction will be dis- 
cussed in the following section. 


§6. Analysis of the Experimental Result 


As was described in the preceding section, 
the qualitative aspect of antiferromagnetic 
resonance in CoCl.6H:2O is analogous to that 
in CuCl.2H:0. So we performed at first the 
analysis of the experimental results following 
Nagamiya and Yosida’s treatment of CuCl- 
2H:0. 

First of all, the reduction of the g-tensor 
to a scalar g-factor must be considered. This 
can be easily done by introducing a modified 
magnetic field defined by the following rela- 
tion: 

H=(g/2)Hexp (1) 
where H and Hexp are the reduced field and 
experimental field, respectively. In CoCl:- 


20 


Modified Magnetic Field 
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6H:0, Ha=1.5Hatexp, Ao=2.5Hb'exp and Ho= 
2.0Heexp, using the g-values from the para- 
magnetic susceptibility data. Hereafter we 
shall use the fictitious field H in place of the 
real experimental field Hexp. Using Eq. (1), 
the experimental results can be adjusted so 
as to be compared directly with the Nagamiya- 
Yosida theory. The result is shown in Fig. 
16. The open circles show the experimental 
results and the dotted line represent the 
results of the calculation. We assumed the 
temperature parameter a to be 0.83 using the 
susceptibility data. It will be seen that there 
is a considerable discrepancy between theory 
and experiment. Generally speaking, the ex- 
perimental resonance field shifts to the higher 
field side with respect to the calculated one 
in both the c- and b-directions. Moreover, 
the critical field resonance to be observed at 
finite temperature could not be detected. 

At the origin of these discrepancies, we 
considered several correction factors, such as 
the magnetization effect, demagnetization 
effect, higher order anisotropy energy and 
anisotropic exchange interaction”). Among 
these effects, however, it was found that only 
anisotropic exchange interaction of symmetric 
tensor form can explain the discrepancy. Let 
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us consider the equation of antiferromagnetic 
oscillation including an anisotropic exchange 
interaction of symmetric tensor form. For 
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the magnetization of the + and — sublat- 
tices, H and Hw represent the external mag- 
netic field and the exchange field, respectively. 


convenience, we use Nagamiya’s notation Following Nagamiya and Yosida’s procedure, 
except for the anisotropic exchange interac- we define 
tion. The equation of motion of the two M=M++M-, MW =M+t—M-. (3) 


sublattice magnetizations are Now an anisotropic exchange interaction will 


14 ys—M*+x(H+Ho*), pe be introduced in the following way. The 
r dt ' exchange energy is defined by 
where 7 is the gyromagnetic ratio, M+ is 
Bae AM*M-+20(Mt+M-) + MAM 4+ MT M+ MM) ) (4) 


The first and second terms represent the isotropic exchange interactions which are present 
in the Nagamiya-Yosida theory, where A and /” are scalars. The third and 4th terms are 
the anisotropic part of the exchange energy having the tensor form given by 


Bae 0 0 a | 0 
aa 0— A, 0 el Gr = 5 
0 0.” Agi s 0 0 IW tiakts 


where the diagonal sum of both tensors is assumed to be zero, namely, 


(5) 


Az +A,+A/=0, Pe + yy +Pry=02 (6) 


It may be noted that the anisotropy energy used in the Nagamiya-Yosida theory is equi- 
valent to the fourth term in Eq. (4), but that the third term expressed by M+A’M-— is newly 
introduced in the present treatment. Moreover, since we are dealing with the case of an 
effective spin of 1/2, any one ion type anisotropy energy does not appear. 

With the use of (3), we rewrite Eq. (2) in terms of M and M’. Then adding and sub- 
structing the two equations (2), we obtain the following equations: 


ite 

2 2 Me Vex Ha x (ee Me (7) 
di 2 2 

{ey en 1 1 

ee VI x +-~Mx (Ha*— He) + Mx (Ha* +H) . (8) 


The exchange field Hz is now obtained from the relation 


O Fez = — Hnt60M+— Hy 6M , (9) 
the result being 
Ant =—AM*-I' Mt— A’M*F-I’ Mt 
1 
=~ (AMEN) +P MEM’) + A (MEM) +T(M£M)} : (10) 
Using Eq. (10), the components of Eqs. (7) and (8) can be written as follows: 
ll @ 1 
eg H,M, +5 (Py P) MMi+ +(Q.—Q,) My Mi 
24 Nf, = HM, = FMP PAVE My 
lw a 1 1 
pied a egal toy Pee Py) MeMy+—(Qy— Qz)Ma’ My 
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ge ik HyMi+\A ++ <(Py+Q2) kay —{a a 5 P+ Oy) | MM 


1 / 
mae =H.M/ — H.Mz +{A + (P:+Qz) \um'—{A +t +(P.+Q,) eM ~ 


i Ze 7 ie 


where new parameters P and Q are used which are defined by 
P=A’+TI’, Q=A’-T’. (13) 


Of course P and Q are tensors whose diagonal sum is equal to zero. To obtain the reso- 
nance conditions of the system represented by the equation of motion (11) and (12), we as- 
sume that the deviation of Mand M’ from their equilibrium values is small and retain in 
the equations only the first order terms. As long as the external field is small compared 
with the exchange field, these equation of small oscillation derived from Eqs. (11) and (12) 
can be simplified, and the results in several important cases are as follows. 
(1) The applied field is parallel to the x-axis (c-axis). 

In this case we have to distinguish between three cases, that is, H<H., H=H-. and H>H, 
where He is the critical field at which the direction of M’ turns in the xy-plane. 

(a) H<He. The vectors M and M’ both point to the x-direction so that (11) and (12) can 
be written as the variational form: 


14 sy, =HeM. +—-(P.—P.)M:3M+(Qe—Q.) MBM? (14) 


ti? 
——§dM,/=0 
at 


34 5My Homi + {A + 5(P-+Q.) Lam. — {4 + 5(P2+Q) MoM (15) 
z 


42 aM: = — HéM,/ +44 + (Pat Qy)| MadMy —2) A si (Prt Q2)| ModM, 
2 ) 


where the external magnetic field Hz is written as H. Taking 0M,, 0M., 06M,’ and 6M.’ 
proportional to exp (éwt), we obtain the determinantal equation 


Sta Hy +5(P.—Paltal 0 (Qz—Q:z)Mo 
th 
Ls Hf Le, — Paty } ue (Qy—Q:)Mi 0 - 
0 2f4 + 4ip.+0.\m 2s H[1—{a + 5P.- 20 bn | 
— fa + LiP,t Qo}M, 0 HH|t—\4 4 Sat ou] <8 
(16) 


Reducing the determinant, we obtain a complicated expression for the resonance condition, 
which, however, can be simplified when w/y=0 or H=0 as follows: 


1348 Muneyuki DATE 


T 


i=) 


(Vol. 16, 


2 sxgy whl —F(Py— Pali Wh -{A m F(P.+Q) bx | 
+2(Qy— Qx) {A + (Prt Qotme=0 : (17) 


(2)'=2(0.-0))}4 + LP.+Q,) bu - (18) 


(b) H>Hce. In this case M is parallel to the x-axis but M’ is perpendicular to it and 


points to the y-axis (b-axis). 


Ip ded 


The equations are 


\ 
— ——0Mz=(Q:—Qy) Md MZ | 
ip Mat 
14 sy — yoM,+ 4(P.—P,)M.oM: (19) 
r dt 2 
+om.= _ HéM, +5(P, Pp) MM +(Qy—Q.) MoM! | 
rf } 
ed me 1 
7» at 2 
14 9y/—HeM/— {4 be Phe \ omy \ (20) 
ap Oi 2 
14 m/= zs HoMy+4A i” (P2+Qr) \.0My +2{A i (Pat oo) MoaM, 
Solving these equations, we can obtain the resonance conditions as 
(2) <a +5 Paws M1 +5) —Peits }- 200. On {4 + (P+ Oy bes 
(21) 
eel =2Q)—Q)4A PoP. + On| MAY -|A i oo Qn fa} 
x {1 -|A 4 (Pe+Q) fu} (22) 


(2) The applied field is parallel to the y-axis. 


In this case the resonance equation can be solved in the same way as in the case (1) (b), 


and the result is 


(9) 


Now let us consider the experimental result 
shown in Fig. 16. The most precise experi- 
mental point is the resonance frequency at 
H=0. This frequency was determined to be 
vy=34,630+50 Mc/sec . (24) 
So the resonance constants should be so ad- 
justed that a good accord with the experi- 
mental result is obtained at H=0. 
Then the anisotropic exchange tensors P 
and Q are determined in the following way. 
Using the experimental results, (w/7)? of Eqs. 


(2) =H{1 +5 (Pa Pet \ +5(P.— Prt, 420.04) {A + H(P-+Q,) lune (23) 


(21) and (23) can be expressed respectively 
as 


(w/r)?=0.45H*—161 , 1m) 
(w/7)?=0.50H?—153 . (23’) 
Comparing Eqs. (21) with (21’) and (23) with 
(23’), the following relations are obtained: 
{1+3(P:—P2)%}{1+3(Py—Pz)%1}=0.45 (25) 
{1+3(P2—Py)%i}{1+3(P2—Py)%1}=0.50 (26) 
Strictly speaking, the susceptibilities in Eqs. 
(25) and (26) are not the same because %, in 
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(25) means the perpendicular susceptibility 
along the c-axis when H> He while %, in (26) 
is that along the b-axis; if there is a large 
anisotropy in the dc-plane, they cannot be 
equal to each other. Namely %,aye-axis= 
W(A+3Pz) and %.xjyaxis=1/(A+3Py) as can 
be calculated from the torque balance equa- 
tion. However, as will be seen from Eqs. 
(25) and (26) P./Py is nearly equal to one so 
that (P.—Py)/A may be negligible in Eqs. 
(25) and (26). Thus, solving these equations, 
we get the components of the P-tensor as 


P,=(0.44+0.04)A , 

Py=(0.380.04)A , 

P.=—(0.82+0.04)A . 
To determine the Q-tensor, we compare Eqs. 
(23) and (23’) and obtain the following rela- 
tion: 

2(Q2—Qy {A +3(P2+ Qz)}Mo?=153 . (28) 

Further, we have the following ratio by com- 
paring Eq. (16) with the corresponding ex- 
perimental result: 
Together with the relation Q.+Q,+Q.=0, 
the components of the Q-tensor can be cal- 
culated, if we could determine A and M™ in 
Eq. (28). A can be determined from suscep- 
tibility data obtained by Haseda and Fried- 
berg et al., namely, %,,=1/(A+4P,)=9x 10-4 
/gram. M, can be calculated from the de- 
finition, Mo=4Nguz<S>, where <S> is the 
thermal average of the spin. At absolute 
zero, M, can be calculated using the observed 
g-value, and at 1.5°K, i.e. the temperature 
of our measurements, it can be determined 
with reference to the proton resonance mea- 
surements performed by Sugawara. This M 
is the magnitude of sublattice magnetizations 
in an external field small compared with He, 
in which case they lie along the easy axis. 
M, in Eq. (23) correspond to this Mo, whereas 
M, in Eqs. (21) and (22) is the magnitude of 
sublattice magnetizations when they are along 
the y-axis. These two quantities may be as- 
sumed to be equal to each other for the same 
reason as that mentioned in the argument 
Thus the 


(27) 


concerning %,aje-axis ANd X wyy-axis. 
Q-tenson is determined to be 


Q,=(0.0550.002)A , 
Qy=(0.0180-002)A , 
Q:=—(0.0730.002)A . 


(30) 
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It is interesting to note that the ratio P/Q is 
of the order of 10 which means A’/I’~1. 
Using Eqs. (27) and (30), A’ and I” are cal- 
culated as 


A,’=0.25A , Ay =0.20A, A-’=—0.45A ‘ 
P2=0.19A , y=0.18A, /=—0.37A. 
(31) 
The results calculated with these values re- 
presented by full lines in Fig. 16, which are 
in satisfactory agreement with the experi- 
mental points. 


§7. Discussion of the Resonance Conditions 


In the preceding section we showed that a 
revised resonance formula can satisfactorily 
explain our experimental results with the use 
of anisotropic exchange constants A’ and I”. 
These tensors have the same symmetry with 
that of the g-tensor. Accordingly such aniso- 
tropic exchange interaction may come mainly 
from the isotropic exchange interactions, 
which become anisotropic in the effective spin 
hamiltonian which is obtained when the true 
spin is replaced by the effective spin of 3. 
In CuCl.2H:0, in which the anisotropy of the 
g-tensor is not so large as in CoCl.6H,0, 
these anisotropic parts of exchange interac- 
tions are small compared with the isotropic 
parts, so that the old theory was satisfactorily 
applicable. However, there may be other 
causes which may produce the anisotropic ex- 
change interaction. The magnetic dipole 
interaction may make a contribution to some 
extent. This interaction can be represented 
by a tensor form. Thus, A’ and I” deter- 
mined by the present study include this effect. 
Though we cannot evaluate its contribution 
quantitatively, since we do not know the spin 
arrangement in antiferromagnetic state, it 
may be relatively small and will not account 
for the main experimental results. The 
dipolar interaction was also incapable of ac- 
counting for the width of the paramagnetic 
resonance, aS was discussed in a previous 
section. 

As other correction factors the 4-th order 
anisotropy energy and demagnetization effect 
may be considered. The former can be intro- 
duced in the following form: 


Eos 84h 72 Lia’ 6" (32) 
where Li, L2,, ---, Ls are constants and a, 8, 
y represent the direction cosines of the spins 
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along the x, y and z-axes, respectively. Using 
this energy, we can obtain the resonance 
formula including 4-th order anisotropy con- 
stants. However, it was found that this 
energy is unimportant and is whithin experi- 
mental errors. 

Next, let us consider the demagnetization 
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effect. To take this into acconnt, external 
field H must be reduced to 


H-—(iNzM.t+jNyMy+kNzM:z) . 


Substituting this in the equation of motion, 
we can see easily that the resonance formula 
can be obtained with the substitution of 


(33) 


Ar \ 


Deo. pode by 0 4 4N, —= 0 ee ed 
= SEZ, Ar 
z i 
00 P 0 0 ot : 


where 47/3 comes from the Lorentz field 
correction. In our experiments, however, 
this correction is also negligible, so that the 
obtained anisotropic exchange interaction co- 
efficients can be regarded as the intrinsic 
parameters of the antiferromagnetic CoCl:- 
6H:.0. 


§ 8. Line Width 


Line width measurements were performed 
in the paramagnetic state as well as in the 
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Fig. 17. Angular dependence of the line width. 


antiferromagnetic state of CoCl.6H.0. Two 
examples of the angular dependence are 
shown in Fig. 17. One of them is the result 
for in the dc-plane at 34.820 kMc/sec and the 
other is that for in the a’c-plane at 23.580 
kMc/sec, and the high and low field branches 
corresponding to those of Fig. 11. Tempera- 
ture dependences of the resonance line width 
at various frequencies are summalized in 
Fig. 18. As was described in Section 4, an 
anomalous broadening of the paramagnetic 
resonance line was observed at 4.2°K, which 
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may be due to the anisotropic exchange inter- 
action among Cot*+ ions as was introduced in 
the foregoing section. Below the Néel tem- 
perature, however, a considerable narrowing 
effect was seen in all the crystalline direc- 
tions as shown in Fig. 18. An interesting 
result was obtained in the measurement of 
the frequency dependence, namely, the fact 
that the line width increases with increasing 
resonance frequency. This fact cannot be 
explained by a simple theory of antiferro- 
magnetic resonance line width discussed by 
Townes, Johnson and Nethercot*’. Imperfec- 
tions of the crystal, such as antiferromag- 
netic domain boundaries, dislocations, or the 
presence of chemical impurities, may not be 
responsible for the main origin of the line 
width, because the extrapolated value of the 
width to 0°K is estimated to be zero in 
almost all cases. 

In must be added that there was no trace 
of side peaks which were frequently observed 
in CuCl:2H:.0, CuBr22H:O and MnF». 
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Specific heat and thermal expansion coefficients of NaNO, crystal were 
measured from room temperature to 210°C. A conduction-type calori- 
meter was adopted for the measurement of the specific heat and a dif- 
ferential-type dilatometer for the measurement of the thermal dilatation. 
A 4-type anomaly in specific heat was observed near the transition tem- 
perature, the transition heat being calculated as ca 285.cal/mol. The 
crystal expands in the a@ and 6 direction, while it contracts in the ¢ 
direction with increasing the temperature, and further the transition is 
accompanied by abrupt changes in the cell dimensions. Our results on 
thermal dilatation were compared with the ones obtained from the x-ray 


data. Ferroelectricity in NaNO, was discussed in connection with our 


results on thermal properties. 


§1. Introduction 


Ferroelectricity in NaNO: has first been 
revealed by the measurements of the dielec- 
tric properties!) and further ascertained by 
the observations of the domain structure?™*. 
The ferroelectric axis of NaNO: crystal lies in 
the 6 direction of the orthorhombic structure, 
the space group of which is C2 (Imm )*:*).” 
(The crystallographic a, b, and c axes adopted 
by Ziegler* will be used throughout the pre- 
sent paper.) The crystal undergoes a phase 
transition at the Curie temperature near 
160°C, from the state of lower symmetry to 
the state of higher symmetry. The space 
group of higher symmetry is D3 Uanun)”:*, 
which corresponds to the paraelectric phase. 
The unit cell has two molecular units, both 
above and below the Curie point. 

Before the ferroelectricity in NaNOz has 
been found, several investigations were made 
concerning this phase transformation. Jaf- 
fray’? studied the transition by means of 
differential thermal analysis and found out an 
abrupt anomaly in specific heat at 160~162°C. 
Analysing the x-ray data, Strijk and MacGil. 
lavry”.® reported that NaNO:, which is 
orthorhombic hemihedral at ordinary tem. 
perature, shows an abrupt change in the 
temperature coefficients of the all dimensions 
at about 158°C and the original strong piezo- 
electric effect disappears above this tempera- 


ok Recently, Dr. Shibuya have carried out x-ray 
studies of the phase transition in NaNOn, using the 
Bragg reflections, and the critical scatterings®). 


ture. He pointed out further that the change 
is probably caused by the occurrence of two 
symmetrical sets of atomic positions in an 
average structure. 

Since the occurrence of ferroelectricity in 
NaNO: became clear, it has been necessary 
to measure the various properties in detail 
near the transition temperature, for develop- 
ing a thorough discussion about the ferroelec- 
tricity in NaNO:. For this purpose, we have 
measured the thermal properties of NaNO:: 
specific heat and thermal dilatation, in the 
temperature range from ordinary temperature 
to 210°C and tried to make their characters 
clear. (The specific heat is the one at con- 
stant pressure.) In this paper, these ex- 
perimental results are described and some 
discussions on the ferroelectricity in NaNO: 
are presented. 


§2. Experimentals 


a) Specific heat 

The adopted method was of the conduction- 
type, in which the thermo-electromotive force 
of the differential thermo-couple was recorded 
when the temperature of the furnance was 
varied in a definite manner. But the detailed 
descriptions on the apparatus and the meas- 
uring method are omitted here, since they 
have been described in the other paper!”.12), 

Before the beginning of the measurement, 
a powder sample of NaNO: of 16 grs was dried 
at about 100°C during 12 hrs. in the container 
of the calorimeter. The measurement was 
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done under the pressure of 10-2? mm Hg, and 
the rate of heating of the sample was kept 
nearly constant about 1°C/min, by a controll 
of the furnace input voltage. The calibration 
curve of the calorimeter was taken by using 
both Al:Os and SiOz powders and nearly same 
Curves were obtained in the two cases. 


b) Thermal dilatation 

The magnitude of the linear thermal ex- 
pansion coefficients of NaNO: crystal being 
of the order of 10-#°C-', the measurement of 
the thermal dilatation was easily done by us- 
ing an usual dilatometer of differential type, 
in which an optical lever combined with a 
fine roller was adopted, a fused silica rod be- 
ing used for comparison. The diameter 7 of 
the roller and the distance D between the 
mirror and the scale were 0.24cm and 148.2 
cm respectively, so the dilatation of the sam- 
ple, enlarged 2D/r=1235 times, was observed 
on the scale. The calibration of the dilato- 
meter was done by using a copper rod. The 
rate of the temperature increase of the sample 
in the measurement was 1°C/min in avarage, 
but in the vicinity of the transition tempera- 
ture, it was slowed down less than 0.1°C/min. 

Samples of rod shape were cut out from 
the crystals prepared by the fusion method, 
of which description was given in our pre- 
vious paper”. The lengths of the a, 6, and 
c crystal rods were 0.848cm, 0.997cm, and 
1.040 cm respectively. 


Specific heat af constant pressure (CaVgn 


(Xo) ro) XO) ho) Kote) INIKoy IKEXe) 


Higeals 


Thermal Properties of NaNO» 


1353 


§3. Results and Discussions 


a) Specific heat 

The specific heat of NaNO: in the tempera- 
ture range from 50°C to 220°C is shown in Fig. 
1. A large anomaly of A-type is observed 
near the transition temperature. The anom- 
aly appears from near 110°C, in the tem- 
perature region far below the transition 
temperature and reaches to a peak at 161°C. 
It is noticiable that the anomaly remains in 
the paraelectric region upto about 170°C, 
though its magnitude decreases rapidly with 
increasing the temperature. The transition 
heat was estimated as 285 cal/mol, the magni- 
tude of which depends upon to some extent 
the situation of the curve of the normal spe- 
cific heat shown by a dashed line in the figure, 
and the transition entropy was calculated as 
0.7 cal/°C mol. 

Our result on specific heat coincides with 
Jaffray’s work, that the transition is not 
accompanied by a latent heat, but an abrupt 
anomaly in specific heat. This seems to be 
favorable to the view that the transition is 
of the second kind. At the present step, 
however, we had better refrain from judging 
the kind of the transition in NaNO:z, because 
a detection of a small amount of latent heat 
is beyond the ability of our calorimater. 

b) Thermal dilatation 
The temperature dependences of the ther- 
mal dilatation in each direction of the crysta! 


130 
Temperature (°C) 


The specific heat of NaNO. 
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The relative change of the length, taken as zero 


at 20°C, is expressed in each direction of the crystal axes. 


axes of the orthorhombic structure are illus- 
trated in Fig. 2, where the changes in length 
of the crystal rods are plotted in percents, 
the lengths at 20°C being taken as the original 
ones in all directions. It is quite obvious that 
the crystal expands in the a and bd direction, 
while it contracts in the c direction with in- 
creasing the temperature. The linear thermal 
expansion coefficients obtained from the 
curves of the dilatation are shown in Fig. 3. 
Sharp peaks are observed in all directions at 
164°C and anomalies can be observed also far 
below the transition temperature, as in the 
case of the specific heat. The coefficient of 
the a direction is larger than that of the d di- 
rection, though the peak value at the transition 
is superior in the later. Above 168°C, the 
coefficients take nearly constant values, ex- 


cepting for in the c direction, in which a 
minor anomaly is noticed near 170°C*. 

To show how the cell dimensions vary at 
the transition temperature, the dilatation 
curve in the b direction in the vicinity of 
the transition temperature is enlarged in Fig. 
4. Judging from this curve, we may say 
that the transition is not accompanied by a 
discontinuous change in the cell dimensions 
but rather a continuous one, though its varia- 
tion is steep, and if some amounts of the 
discontinuity occurred at the transition tem- 
perature, it should be smaller than 4x10-?% 


* Dr. Hoshino and Shibuya have reported that 
the minor anomaly of this kind was observed not 
only in the ¢ direction but also in the a and b di- 
rection by his x-ray analysis. (J. Phys. Soc. Japan 
16 (1961) 1254.) 
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Fig. 3. The linear thermal expansion coefficients in the directions of the crystal axes of NaNO:. 


in its magnitude in the 6 direction. 

Our results on the thermal dilatation show 
the same characteristic as the ones obtained 
from the x-ray data’.®, but quantitatively 
some discrepancies exist between them. The 
situations are illustrated in Table I, where 
the percentages of the changes in the cell 
dimensions caused by rising the temperature 
of the crystal from room temperature to 
205°C, are given in both cases. The values 
obtained by the dilatometric method are smal- 
ler than the ones by the x-ray method in all 
directions. It may be natural that they should 
show some differences in their magnitude, 
because one of them is due to the macroscopic 
measurement, while the other is the micro- 
scopic one. The existence of the domain 
boundaries and some kinds of crystal imper- 
fections may be considered to be the causes 
for the discrepancies. As the discrepancy is 
remarkable in the a direction, it may be re- 
lated with the fact that the domain boundaries 
lie parallel to the bc plane”. In high tem- 


Table I. The comparion of the magnitudes of the 
dilatation. The values of the cell dimensions 
are quoted from “Crystal Structures Vol. II 
(1951) (by R. W. Wyckoff) ”. 


_ cell dimension (A) | dilatation (%) 


pezo2G | 205°C | x-ray | dilatometer 
a | 3.570 3.69 a3 2.6 
b | 5.578 5.68 1.8 Le 
e | 5.390 | 5.33. | —1.1 hie 


perature, moreover, a plastic flow might be 
slightly induced by a mechanical stress owing 
to the metal springs, holding the sample in 
the dilatometer. This flow effect seems to be 
supported by our recent experiments on the 
deformation of the crystal with a two dimen- 
sional stress*. 
c) Relations with the ferroelectricity 

The spontaneous polarization Ps; of a fer- 
roelectric crystal intimately relates with the 


* S. Nomula: unpublished. 
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Fig. 4. The dilatation curve in the 6 direction in the vicinity of the transition temperature. 


transition heat Q from the ferroelectric state 
to the para electric state. We have the well- 
known formula!?), 


Ii 
Q=2n- Ps , Cle} 
which holds experimentaly to a good approxi- 
mation in many kinds of ferroelectrics, where 
T> is the transition temperature and C is the 
Curie-Weiss constant. Putting the numeri- 
cal values on JZ), C, and Ps as follows, 

AS (lke 
C=5000° K 
Ps=8.6uC/cm?* 


we obtain the value of Q as 279 cal/mol. The 
agreement with experiment is satisfactory 
when the experimental difficulties are consid- 
ered that are encountered in the measurement 
of the transition heat and the spontaneous 
polarization. 

Ferroelectricty in NaNO: is probably due 
to the alignment of NO: radicals along the 
b direction, and the disordering of their sense 
is realized above the Curie temperature. The 


order of the alignment of NO:- radicals ought 
to be estimated from the magnitude of the 
transition heat and also the transition entropy. 

Since a strict calculation of the transition 
entropy of NaNOz seems to be complicated, 
we give here a rough estimation on it. Sup- 
posing that a NO:~ radical has two equilibrium 
positions in its surrounding, being of opposite 
sense along the b direction and the transfor- 
mation is accompanied by the order-disorder 
arrangement of NO2~ radicals between them. 
If the parameter of the long range order is 
denoted by s, the entropy of the system S 
will be represented by a simple calculation, 
neglecting the effect due to the short range 
interaction, as follows, 


——— usin) 1S ts cs 
SacAN YS Ma (“5e 4G in (=o) 
(2) 


where JN is the total number of the radicals 
and k is the Boltzman’s canstant!’’. In the 


* This is the value at room temperature ob- 
tained from the pyroelectric measurement. 
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case of s=0, which corresponds to the com- 
pletely disordered state, S becomes 1.38 cal/ 
°C-mol. Subtracting the transition entropy of 
0.7 cal/°C-mol from it, we get 0.68 cal/°C-mol, 
which may be considered as the value of S 
at ordinary temperature. Therefore the para- 
meter s at ordinary temperature is calculated 
as 0.78 from Eq. (2). Thus ca 89% of NO.- 
radicals are expected to arrange in one sense 
and the others in the opposite. Perhaps this 
may be true, though the numerical value of 
s might differ somewhat from our estimation. 
Considering the effects of Na+ ions, which 
give a restriction for the disordering behaviors 
of NO:- radicals, we ought to give a smaller 
value than 1.38 cal/°C-mol as the entropy of 
the system in the disordered state. Then the 
ordering parameter s at ordinary temperature 
will more approach to 1 than the value 
estimated above. 

It seems to be sure that the anomalies in 
the specific heat and dilatation observed above 
the transition temperature, including the 
minor anomaly in the dilatation, should be due 
to the short range interactions between the 
constituent ions. From the consideration on 
the interatomic distances of the constituents 
and the behavior of the domain boundary in 
the crystal”, we may imagine that the dis- 
ordering arrangement of NO: radicals is 
easily realized in the direction perpendicular 
to the 6 axis, keeping their alignments along 
the b direction, and even in the paraelectric 
phase the alignment is held in short range. 
The recent x-ray study by Tanizaki‘) is con- 
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sidered to show an evidence of the remaining 
of the short range order above the Curie tem- 
perature. These problems will be discussed 
further in our subsequent paper. 
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Moiré patterns produced by passing diffuse light from uniformly illumi- 
nated background through two net or gauze screens of suitable mesh size, 
set face-parallel, one behind the other with a space in between, are tinged 
with some lustre which is more or less vitreous or slightly metallic. A 
number of results obtained by visual observation and photographing show 
that this is a typical case in which the so-called false stereoscopic effect 


gives rise to the impression of gloss. 


$1. 


There are a number of cases in which one 
‘perceives lustre on a surface that is not spec- 
ularly reflective”. One of the most well- 
known is the case of binocular lustre shown 
‘by Dove” and Kiesow”. For example, when 
two figures of the type shown in Fig. 1 are 
sstereoscopically brought together, lustre ap- 
pears on the sectors which are not lustrous 
when viewed separately. It should be noted 
that, of the corresponding two sectors which 
are to be brought together, one is white and 
ithe other is black. 


Introduction 


Fig. 1. A pair of drawings for stereoscope to 
demonstrate binocular lustre. 


It is also known that, even in ordinary 
binocular vision, a similar, but false, stereo- 
scopic effect may often give rise to the 
impression of gloss when the two eyes do not 
receive the same images’. The following 
‘sections give some of the evidence showing 
that the case of Moiré patterns is a typical 
‘one of such cases which has not been so far 
wellknown. 


‘§2. Appearance of Moiré Patterns 


Moiré patterns produced by passing diffuse 
light from uniformly illuminated background— 
for instance, a sheet of white mat paper of 
-ample size—through two pieces of net or gauze, 
-set face-parallel, one behind the other with a 
space in between, are tinged with some lustre. 
It is rather difficult to describe it precisely in 


words: roughly speaking, it is vitreous in 
general appearance, slightly metallic in some 
cases, varies with the conditions of illumina- 
tion and other factors. 

Fig. 2 shows photographs of Moiré Patterns 
obtained on five specimens prepared with wire 
gauze of mesh 50 and wire diameter of 0.15 
mm. For the spacing, d, between the front 
and back gauze screens, 0, 5, 10, 15 and 20 
mm were used. The effective diameter for 
all was 6cm. The specimens were so con- 
structed that all the patterns gave roughly 
equall perception with respect to their shapes 
or distributions. By hand, it was difficult to 
obtain the same pattern from all the specimens, 
because of inhomogeneities in mesh. 

In actual observation, the specimens were 
set against a large ground glass window pane 
illuminated from behind by daylight at about 
3000 lux. The specimen on the extreme left 
(d=0) had the lowest lustre while that on the 
extreme right (d=20) the highest when viewed 
from 4 to 5 meters. The lustre decreased 
with the increasing distance between the ob- 
server and specimens, thus, as the observer 
backed away step by step from the specimens, 
the lustre of the second (d=5) and the rest 
specimens became in turn equal to the first. 
The distances at which the lustre of the last 
four specimens became equal to that of the 
first were estimated by two observers B and 
C. Plots of mean values of the estimation 
repeated six times for every specimen are 
shown in Fig. 3, the disagreement between 
the two being attributable to personal error. 

On the other hand, the pattern shifted on 
the plane of the gauze and changed its shape 
when the position of the eye was changed 
sidewards. Hence the pattern that appeared 


1358 


1961) 


to the right eye would not have been identical 
to that appeared to the left eye. From this 
and from a more remarkable fact that the 


d=0 5 10 15 


20 mm 


Fig. 2. Patterns obtained on five specimens con- 
structed with #50 wire gauze: d is the spacing 
between front and back gauze screens. 


16 
ies 
a ce 
8 6? 
O° 


4 ibe ho ot tl ES 
O 2) lO 15 20 
d (mm) 

Fig. 3. Distance D between the observer and 
specimens at which the lustre of the last four 
specimens became equal to that of the first (d= 
0). 


lustre on the pattern almost disappeared from 
all the specimens when viewed with one eye 
even from the distance 4 meters with which 
the above experiment started, it was presuined 
that the perceived lustre in this case was 
attributed to the false stereoscopic effect 
mentioned in the preceding section. As is 
readily expected, the difference between the 
patterns appearing to the right and left eyes 
will increase with the spacing between the 
two gauze screens and decrease with the dis- 
tance between the observer and specimen 
under such viewing conditions as used in ob- 
taining the results shown in Fig. 3. Hence, 
those obtained results themselves justify the 
above presumption. Another evidence will 
follow next. 


§3. Best Conditions for the Lustre 


By taking the false stereoscopic effect into 
account, one can easily calculate the best con- 
ditions for obtaining the lustre. In Fig. 4, E;, 
and E£; represent the observer’s eyes, the 
interspacing of which is denoted by 4. The 
distance between the observer and the front 
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screen is denoted by D and the spacing 
between the front and back screens by d. 
Under actual conditions of observation D is 
large compared tod. When the observer fixes 
his eyes to a point, P, on the plane of the 
front screen the following conditions are 
required. For his right eye FE, wires of the 
back screen come between those of the front 
screen obstructing the light from background, 


FE} A/2 


Fig. 4. Schematic illustration of the best con- 
ditions for obtaining the lustre. 


hence this part appears dark. But, for his 
left eye 7, the former are shadowed by the 
latter, hence this appears bright. The rela- 
tive positions of the wires A, A’ and B’, and 
of A and B settle these particular conditions 
which are easily found to be expressed by 


BQ+¢< BB’ <BQ+QQ’-¢, 
where ¢ is the diameter of the wire. BQ is 
given by 4d/D. Putting QQ’=AA’=a and 
BB’=na, we obtain 


5 d+ <na< J d+a~$ ; 


or 


Fa 


d, GL) 


~ 


na—o (n—l)at+¢ 
where a is the spacing of wires and mu an 
positive integer. In the case of m=1, Eq. (1) 
is reduced to 


4 4 
pr ee (25) 

To compare the result of this simple calcula- 
tion with what is to be obtained by visual 
observation, a pair of wire screens of 6=0.84 
mm and @=2.5 mm were used. For the speci- 


mens used in the preceding section, such 
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comparison was difficult owing to the slow 
change of the lustre with the distance D. 
Substituting the above values into Eq. (2) 
and assuming 4 to be 70mm, we obtain 
42d<D<83d. In Fig. 5, the upper and lower 
lines represent the cases of D=83d and D= 
42d. The lustre will be most apparent in the 
region between the two lines. 


8 


Fig. 5. Calculated range for good lustre and 
visual estimates of margins of the range. 


In visual observation, margins of the range 
between which the lustre was most apparent 
were determined for each of five given spac- 
nae dW=AO, BN, 4oA, G0) aie Vem, Ine 
mean and standard deviation of estimates— 
repeated twelve times for every margin—given 
by three observers are also plotted in Fig. 5. 
The correlation of the observed values with 
the calculated ones is satisfactorily well. 

These results were obtained for the speci- 
men prepared in the following way. Of the 
two wire net screens that were used, the first 
one was set parallel to and close to a ground 
glass window pane illuminated from behind by 
daylight at about 3000 lux, and the second 
screen was leant against the first. The 
second screen was masked with a sheet of 
black paper which had equally spaced four 
rows of horizontal slit, 20cm long and 1.6 
cm wide, through which the observations were 
made. By varying the slope of the second 
screen, and also shifting the mask over the 
screen, the observer could use the spacing 
between the screens along the centre lines of 
the slits as desired. The margins were esti- 
mated by the observer fixing his eyes at the 
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centre of the slit under observation and, step 
by step, approaching to or backing away from 
the slit. 

Fig. 6 shows as an example a stereo-photo- 
graph of a pattern taken at the distance of 
175cm from the slit with the spacing of 4.2 
cm between the front and back screens. As 
regards the distance D and the spacing d, this 
setting falls almost on the lower border line 
of calculated range given in Fig. 5 for effec- 
tive lustre to appear. The right and left 
halves of the photograph are what come into 
view to the observer’s right and left eyes 
respectively, and the bright and dark portions 
on the right half are almost reversed on the 
left half; this is why the pattern appears to 
have lustre when viewed with both eyes. 


Fig. 6. Stereo-photograph of a pattern taken at 
175 cm from the slit, the spacing between screens 
being 4.2 cm. 


For the ranges of clearly perceived lustre 
given by Eq. (1) (the case of m>1), observation 
was to be made very close to the present 
specimen which was not practicable because 
the wires of the screens were seen quite 
distinctly. 


$4. Conclusion 


Every day, numbers of examples of the 
lustre due to the false stereoscopic effect are 
around us. The effect occurs when the two 
eyes receive different images with respect to 
the same part on a surface. Once one is 
aware of it, he can frequently see the ex- 
amples, in general, on the high glossy surfaces 
which are lustrous too when viewed with one 
eye. In the case of Moiré patterns as pro- 
duced in this work, lustre appears only when 
viewed with both eyes and was found to be 
due purely to the false stereoscopic effect. 

The author expresses his sincere thanks to 
Professor E. Fukushima for his suggestion 
and intimate advice. 
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The electron micrographs of crystalline specimens are taken by placing 


the aperture of the objective lens at various positions. 


Extinction 


contours, equal-thickness fringes and dislocation images are observed under 
a condition that none of the coherent waves—the transmitted and diffracted 


waves—enters the aperture. 


This implies that the above contrast effects 


are formed by incoherent waves which are neglected in current theories 


of diffraction contrast. 


Introduction 


§ 1. 

In the electron microscopic images of 
crystals, various kinds of contrast are observed: 
extinction contours, equal-thickness fringes”, 
dislocation images? etc. These contrast 
effects are closely related to the Bragg 
reflection and can be interpreted by diffraction 
theories®. It is generally believed that the 
most reliable interpretation is given by the 
dynamical theory taking into account the 
effect of absorption’?. However, the incoher- 
ent waves are perfectly neglected in the 
current theories of contrast. 

In the present experiment, electron micro- 
graphs of crystalline specimens were taken 
by placing the aperture of the objective lens 
at various positions. One of the remarkable 
results is that equal-thickness fringes are 
observed on dark field images even under the 
condition that no diffracted beam enters the 
aperture. The aim of the present paper is 
to point out the effect of incoherent waves 
on the formation of contrast. 


§2. Experiments 


The electron microscope used in the present 
experiment was Hitachi HU-10. The acceler- 
ating voltage was 75kV. The diameter of 
the objective aperture was about 10 4, namely 
1.3x10-* rad. in scattering angle. Specimens 
used were molybdenite films and magnesium 
oxide crystallites. 

Electron micrographs were taken by placing 
the aperture of the objective lens at the fol- 
lowing (Figs 2 and 4). 

(a) Bright field: The transmitted beam 
enters the objective aperture. 

(b) Usual dark field: The transmitted 


beam does not enter the objective aperture 
while one diffracted beam does. 

(c) Special dark field: None of the trans- 
mitted and diffracted beams enters the 
objective aperture. Only the background 
scattering does. In (b) and (c), adjectives 
usual and special are used because (b) is 
adopted usually in routine experiments and (c) 
is adopted specially in the present experiment. 

It should be noted here that as shown in 
Fig. 7c the incident spot and the strong dif- 
fraction spots are not sharp on diffraction 
patterns. Examining carefully, however, it is 
found that the diffuse background due to in- 
coherent waves is considerably strong around 
each sharp spot due to the coherent wave— 
the transmitted or diffracted wave. In the 
above classification, the transmitted and dif- 
fracted beams mean only the sharp beams 
corresponding to coherent waves. 


§3. Results 
(i) Extinction contours 

Fig. 1 reproduces the images of molybdenite 
film taken by placing the objective aperture 
at various positions: Figs. la, b, c and d 
correspond, respectively, to aperture positions 
a, b, c and d indicated in Fig. 2. The mo- 
lybdenite film was placed directly on a speci- 
men grid without any supporting film. Thus 
the part of field which is free of the film is 
perfectly dark in dark field images (Figs. 1 b, 
candd). Although extinction contours which 
appear on bright field and usual dark field 
images are well-known, those on special dark 
field images have not yet been studied. Com- 
paring Figs. 1a with c, the following conclu- 
sion may be obltained: The contrast of 
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lgikes, IL. 
Bright field. 
d) Special dark field at a large angle. 


a) b) Usual dark field. 


special dark field image is similar to that of 
bright field image, provided that the former 
is taken by placing the objective aperture 
close to the incident spot. A similar con- 
clusion is obtained when the objective aper- 
ture is placed close to a Bragg spot: the 
special dark field image is similar to the usual 
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Fig. 2. Indicating size and positions of the ob- 
jective aperture for Fig. 1. Positions a, b, c, 
and d correspond respectivety to Figs. 1 a, b, 
c, and d. 


Extinction contours of a molybdenite film. 


x 9,000. 
c) Special dark field at a small angle. 
(Aperture positions indicated in Fig. 2). 


dark field image corresponding to the Bragg 
spot (Fig. 1d). 
(ii) Equal-thickness fringes 

Fig. 3 reproduces images of magnesium 
oxide crystallites. The aperture position cor- 
responding to each micrograph is shown in 
Fig. 4. Again, nothing new is observed in 
the equal-thickness fringes on bright field and 
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Fig. 4. Indicating size and positions of objective 
aperture for Fig. 3. Positions a, b, c, and d 
correspond respectively to Figs, 3a, b, and d. 
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Fig. 3. Equal-thickness fringes of magnesium oxide crystallites. 90,000. 
a) Bright field. b) Usual dark field. c) Special dark field at a small angle. 
d) Special dark field at a large angle. (Aperture positions indicated in Fig. 4)*. 


Fig. 5. Equal-thickness fringes of magnesium oxide. 90,000. 
a) Bright field. b) Special dark field at a small angle. 


usual dark field images** but those on special dark field images are interesting. By com- 


ae = = paring Figs. 3a and c, the same conclusion 
* Faces indicated by arrows are remarkably ; ; ee : 
as that described in the previous subsection 


bright. This may be caused by the specular re- ‘ : : : see 
Pectiontob the incidentiwavelos on extinction contours is obtained. The con- 
**k The difference of spacings observed in Figs. 
3a and b is due to the change of crystal orientae becomes quickly low when the objective aper- 


tion. ture is shifted to large scattering angles. No 


trast of fringes on a special dark field image 
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fringe is observed in Fig. 3d which is taken 
at a large angle. Fig. 5 reproduces another 
example showing equal-thickness fringes on 
a bright field image and those of a special 
dark field image. 

In this case one might suspect that the 
equal-thickness fringes in Fig. 3c and Fig. 5 
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Fig. 8. Images of dislocations in a thick molybdenite film. 


Images of dislocations in a thin molybdenite film. 
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b might have been produced by coherent 
waves which are deviated slightly due to 
double refraction effects. As illustrated in 
Fig. 6, the coherent wave penetrating a crys- 
tal produces two pairs of spots P and P’ and 
Q and Q’. It is possible that one of the pairs, 
say P and P’, passes through the objective 
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Fig. 8. 


x 120,000. 


b) Special dark field at a small angle. c) Diffraction pattern. 


x 3,600. 


a) Bright field. b) Special dark field at a small angle. c) Diffraction pattern. 
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aperture even when the central spot 0 is 
stopped. In such a case, the image of the 
face CD is expected to appear much brighter 
than the face AB. Since no such effect is 
observed in Fig. 5b, the suspicion is cleared. 
(ili) Images of dislocations 

Figs. 7 and 8 reproduce the images of dis- 
locations in molybdenite films®. In each 
figure, (a) is a bright field image and (b) is 
a special dark field image. The latter are 
taken by placing the objective aperture close 
to the incident spot. Figs. 7 and 8 are from 
a thin specimen (~200A) and a thick specimen 
(>1,000A), respectively. The approximate 
thickness was inferred from diffraction pat- 
terns (Figs. 7c and 8c). Comparing (a) and 
(b) of both figures, the same conclusion as 
described in the previous subsection is ob- 
tained also for dislocation images. In thick 
specimens, a bright field image is only a 
little sharper than the corresponding special 
dark field image. In thin specimens, the dif- 
ference in sharpness is a little more con- 
‘spicuous compared with thick specimens. 
Sometimes, details of contrast are different 
as indicated by arrows in Figs. 7a and b. In 
Fig. 7b the upper side of the indicated dis- 
location line is always dark while the lower 
side is slightly light. On the other hand, in 
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Fig. 6. Illustration of refraction effect. 


Effect of Incoherent Waves on the Electron Microscopic Images of Crystals 


1365 


Fig. 7a the corresponding line has a com- 
plicated structure. 


§4. Discussion 


In cases of the bright field and the usual 
dark field, coherent waves enter the objective 
aperture. Since incoherent waves also enter 
the objective aperture with coherent waves, 
a bright field image or a usual dark field 
image is a superposition of a partial image 
formed by coherent waves and that by in- 
coherent waves. This fact has been pointed 
out by one of the present authors (R.U.) and 
the different natures of partial images have 
been explained in the previous paper”. There- 
fore, the explanation is not repeated here. 

The intensities of partial images in a bright 
field image can be estimated from the ratio 
of exposure times for the bright field and 
special dark field images. The ratio is small 
when the crystal is thin. For example, it is 
1:15 in Fig. 7. This implies that in Fig. 7a 
the part due to coherent waves is much 
stronger than that due to incoherent waves. 
On the other hand, the ratio is comparable 
with unity when the crystal is thick. For 
example, it is 1:2 in Fig. 8. Taking into 
account that the intensity of incoherent waves 
decreases rapidly with the scattering angle, 
ratio 1:2 implies that in Fig. 8a the part due 
to incoherent waves prevails over that due to 
coherent waves. 

It is concluded in Sec. 3 that the contrast 
of special dark field images is similar to that 
of bright field images, provided that the form- 
er is taken by placing the objective aperture 
close to the incident spot. This is possible 
only when the contrast of the transmitted 
wave and that of the accompanying incoher- 
ent waves vary in a similar manner. For 
example, if the contrast of the transmitted 
wave oscillates according to Pendelldésung, 
that of the accompanying incoherent waves 
must have a similar oscillation. To under- 
stand such a behavior of incoherent waves, 
the dynamical theory must be generalized to 
include incoherent waves. Although such a 
theory is most difficult, the theory of Kikuchi 
pattern by Kainuma® may be the first step to 
the generalization. 

Recently, the behaviors of stacking fault, 
extinction contour and dislocation images in 
the case of thick crystals were explained by 
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a dynamical theory, taking into account the 
effect of absorption’’.*.. However, the agree- 
ment may be fortuitous because the theory 
neglects the part due to incoherent waves. 
In the case of thick crystals, the neglected 
part prevails over the calculated part, accord- 
ing to the present result. If correct figures 
of the absorption coefficient were available 
and they were adopted in the calculation, the 
result would explain only the part due to 
coherent waves. Agreement between the 
theory and experiment is possible so far as 
the contrast due to the coherent waves and 
that due to accompanying incoherent waves 
are similar. It is not known to what extent 
the similarity holds. The difference of con- 
trast observed in Figs. 7a and b may be an 
example where the similarity breaks. 

We thank Professor N. Kato and Professor 
Y. Kainuma for their helpful discussions. 
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Flow Birefringence of Polymer Solutions 


By Ryuzo KOYAMA 
Electrical Communication Laboratory, Musashino, Tokyo 
(Received January 27, 1961) 


By making use of a gaussian chain model for a polymer molecule, a 
theoretical calculation on the flow birefringence of polymer solution is 
carried out, in which the optical internal field in the polymer molecule 


in solvent is taken into account. 


The obtained expression for the intrinsic birefringence contains a 
quadratic form of the refractive index of solvent, and this can account 


for several experimental results. 


The expression for the intrinsic ex- 


tinction angle also has a certain optical factor, and thus it predicts that 
the extinction angle depends on the refractive index of the solvent. 
Assuming that there is no hydrodynamic interaction between molecular 
segments, we carried out some numerical calculations to the optical 
factors. The result can well reproduce the recent experimental values. 
of the polystyrene molecules, and of the polymethylmethacrylate mole- 


cules. 


Introduction 


§1. 


The recent studies on polymer solution show 
that the observed value of the flow birefrin- 
gence of polymer solution depends on the 
refractive index of solvent, and this fact is 
explained by introducing the effect of the 


optical internal field in polymer solution into. 
the theoretical considerations. This problem 
was first discussed by Sadron, Peterlin and 
Stuart, and Cerf! by means of models such 
as a rigid ellipsoid and a deformable elastic 
sphere. Lately Tsvetkov” and Copic® also. 
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treated it with more detailed models. Thus, 
these theories can well explain the observed 
reslt through the form anisotropy of polymer 
molecule and the optical internal field. 

We can consider a similar problem in the 
‘case of the extinction angle of the birefrin- 
gence, though such an effect has not been 
observed in experiments. The expressions 
for the extinction angle which have been ob- 
tained heretofore do not contain any optical 
parameters, and hence the extinction angle 
has been considered to be determined from 
the purely mechanical condition of that poly- 
mer solution as in the case, for example, 
of the viscosity of the solution. However, 
the recent detailed theoretical treatment 
by Copic® which is based on a dumbbell 
model throws doubt upon the above state- 
ment. According to his calculations, in case 
of the rigid polymer molecule with infinite 
internal viscosity the expression of the in- 
trinsic orientation number* has a certain 
optical factor which depends on the optical 
constants of the polymer solution, whereas 
in case of the soft polymer molecule with 
negligible internal viscosity such an optical 
factor again does not appear in his expres- 
sion. 

In the following discussion the calculations 
are based on a gaussian chain model recently 
used by several authors*’.*) in which the 
method of determining the molecular configu- 
ration is more direct than those of the earlier 
works, and the optical factors for both bire- 
fringence and extinction angle are examined. 


$2. Average Polarizability of a Polymer 
Molecule and Flow Birefringence of the 
Polymer Solution 
In the following calculation, the solute 
polymer molecule is assumed to be a gaussian 
chain formed by a large number of the iden- 
tical segments in linear connection. The con- 
necting point of the segments is represented 
by a bead and is subjected to the viscous 
resistance from the solvent. The polymer 
molecule is also supposed to have an internal 


* The intrinsic orientation number [w] is defined 
as 
[w]=lim (r/4—X)/G7o 
G0 
0-0 
and this is different from the intrinsic extinction 
angle defined by Eq. (31) by the factor 7. 
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viscosity accompanied by its internal deforma- 
tion, which can be treated by the method 
given by Cerf* on this model. 

It is assumed that the segment has no 
permanent dipole, but may have an induced 
dipole in the presence of an applied electric 
field. The segment is supposed to be axially 
symmetric about the axis joining its two ends, 
and its dielectric property is represented by 
two components of polarizability, one of which 
is parallel to the axis, and the other is per- 
pendicular to this axis. Also, the polymer 
molecule is assumed to be sufficiently small 
compared with the wave length of the light, 
so that the phase of incident ray is put to 
be the same everywhere in a polymer mole- 
cule at any time, and the method of quasi- 
static treatment can be applied. 

When the electric field is applied to a poly- 
mer molecule, it induces an electric dipole in 
each segment, and this dipole produces the 
secondary electric field in the same molecule. 
In such a case the total electric field E; act- 
ing on a segment z can be written in a form 
of superposition as follows 


HS B+ Weep: 3 (1) 
k (+1) 


where the term 7ixpx represents the induced 
field from the dipole px on the segment &. 
The summation over & is taken over all the 
segments other than 7 of the same molecule, 
because in our case the polymer solution is 
so diluted that the interactions between dif- 
ferent molecules can be neglected by virtue of 
their very large distances. The interaction 
tensor Zix is a function of the relative coordi- 
nates vix of two segments z and k, and is 
given in the diadic notation by 
(2) 
where represents the index of refraction 
of the solvent. 

On the other hand the electric polarizability 
tensor a; of a segment 7 is given by the re- 
lation: 


Titk=MNo rin (37 ixrix[ Vix? —1) , 


pix=ak , CS) 
and also for the given external electric field 
E we can define the total electric polarizability 
tensor A of a whole polymer molecule by the 
following relation, 


SpHAL. 


Therefore, from these relations the average 
polarizability of a polymer molecule <A> can 


(4) 
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be written in the following form: 


<A) =(Ai1) + (Ad) , (5) 
(A= di Kai, ( 5”) 
EXA2) =X, Bi Kae Tit Pr? . (Oa) 


The notation < > means the average over 
all the possible internal configurations of a 
polymer molecule for the given external con- 
dition of the solution. In order to calculate 
such an average value we can employ the 
distribution function of polymer molecule if 
it is known, or in some cases we may use 
the differential equation satisfied by the distri- 
bution function. 

At the present discussion we are treating 
a polymer molecule which is immersed in a 
solvent, and F; (i=1,2,---,.N) should be the 
internal electric field acting on the segment 
i in the solvent. For this purpose we shall 
substitute for a; of Eqs. (5), (5’) and (5’”) the 
effective polarizability a;’ given by 


(6) 
where P» corresponds to the polarizability of 
a mass of solvent which is excluded by one 
segment in the solution. In the subsequent 
calculation we shall assume that every seg- 
ment has an equal spherical form in solution, 
and the velocity gradient does not affect the 
molecular construction of solvent, so that Po 
is a constant scalar quantity. In this way 
the effect of the internal field in the solvent 
can be taken into account in our theoretical 
calculations. 

We can use for a; the expression of the 
polarizability tensor obtained by Kuhn and 
Griin®) for the statistical chain segment. By 
using their result the component of polariza- 
bility a;:’ parallel to the axis of the segment, 
71, and that perpendicular to the same axis, 
72, are written respectively as 

71=P—Py)+2Q0L? 5 

r2=P—P,—-Q?? , 
where P and Q are constants depending upon 
the constitution of the segment, and / denotes 
the end-to-end length of the segment. From 


the above expressions the polarizability ai’ 
can be written in tensor form as follows; 


ai, =a,—P) , 


(7) 


2 
Kit HB Xa Vi eevee 
2 
i =3Q-| veer Xt Mir +B -Yea-1200-1 |, 
Zu-rXe-1 2-1 Yuu-1— Zaz-a + B 


(8) 
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Xit-1 = Xi — Xi-1., 
yui-1 = Yi— Yi-1 4 
2u-1 = Zi — 2t-1 , 
B=(P—Por—QP)/3Q5 
where ri(xi, yi, 2.) represents the cartesian 


coordinates of the i-th linking point of seg- 
ment in the polymer chain. 


Fig. 1. Physical conditions and cartesian coordi- 
nate axes. 


For simplicity, we assume a laminar flow 
in the polymer solution, and we choose the 
directions of the cartesian coordinate axes so. 
that the macroscopic flow of the solution. 
V(Vz, Vy, Vz) Can be represented by the follow- 
ing expressions: 


Vz=G-Z ' 
Vy=0 ’ Coy 
vz2=0 ’ 


where G denotes the magnitude of the veloci- 
ty gradient. 

In order to discuss the flow birefringence: 
by an incident light propagating in the y- 
direction under this condition we have to 
know only two expressions for the matrix 
elements <Azz—Az)> and <Az:> of the polari- 
zability tensor of Eq. (5). The corresponding. 
expressions for the first term <A> in Eq. (5) 
can be obtained by using Eq. (8), and they 
can be reduced into the following forms, as. 
have been already done by Zimm* and by 
Cerf*’, 


(Atee— Aes) =(312)-QDI-*-S: Aste , (10) 


(Ain>=(8/2)-QDI*- Ste, (AL) 
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where the constants D and 6 are represented 
by the frictional constant € of a bead in the 
solvent, the absolute temperature J, the 
Boltzmann’s constant k and by the mean 
square length of a segment at equilibrium 


state J)?, as follows, 
DEaRT C2 (12) 
O—3k1] tC, 


N is the total number of segments in the 
molecule, 4» is given by the relation: 
(13) 


where #4» and vy» are the p-th eigenvalues of 
two matrices A and H respectively, whose 
elements are defined as follows, 


Ap= Vollp , 


1 0) Oe wi Sees 0 
oe ae : 
3 ee aes 
AsO ge Quel. 2 lee Ks 
“an 0 
Silly 2-1 
oe eid eck pt yhoay 
Jali 
Hij=(6r°)-°E qo! |i—j|-2,, iG, (15) 


@,$=0,1,2,---,N), 


in which 7 represents the viscosity of the 
solvent. In a special case where the hydro- 


<A2=>) ES Ten’? eR > = 
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dynamic interaction between the beads in. 
polymer molecule is neglected, the matrix H. 
is a unit matrix, so that 


Tease (16) 
An=L» , (p=1,2,---,N), 
Further, g» in Eq. (10) is given by 
Sv=1+ Opry (17) 


for the polymer molecule having very small 
internal viscosity, or 


Bo=2+Ay- = how (18) 
for the polymer molecule having infinite inter-- 
nal viscosity. » in Eq. (17) is given by the. 
element of the internal viscosity matrix, gp,, 
which is referred to the p-th normal coordi-- 
nates of the molecule, as follows, (cf. refer- 
ence 5), 


Pp=C Op. (19) 
Next, we proceed to the calculation of the 
second term <A2> in Eq. (5). We substitute. 
the interaction tensor 7ix by its average value. 
<Tix>, as is often done in case of the hydro-. 
dynamic interaction tensor in viscosity theo-- 
ries*))*», and thus we have an approximate: 
expression: 


<Aa>= 2 Pay 6 Tix) Der/E . 


Thus by using Eq. (3), this can be developed. 
as 


(20); 


Cai (Tixra’ (Tray +++. (21)) 
k) 


(+k 


For small velocity gradient G we assume a following approximate pair distribution function 


fix(r) of two beads 7 and R, 


Fir) =fik (NL +G - dinxet+G?-(dirain® +ainrx + BiPy + rix?2”)) , 


a 1 3/2 /? 
a( = : - 
Fie) ( a a) “ae { 20ix* 


\ 


(22) 


where the constants aiz, Oix, Dix, ix, Bix and 7vix are determined by the relations: 


X(x~—- i)? > = | Pete a7, 


ny) >=| falrry* dr 


(23) 


<(zn—Zi)*» =| Fires dr, 


{(x~—Xi)(Ze—Zi) > = | Fix(r)xz dr . 


Applying the above distribution function to Eq. (21) we arrive at the following results: 
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«Asxz— Azz) =(9/5)(3/2n)'/? -(P—Po)’no*lo *DO->- S Folie tay? £p'G (24) 
« Aozz> =(9/5)(3/27)/? ; (P—Po)*’mo*lo- > DO? c s Fottp Ap -G (25) 
p=1 


where fy is given by , 
fo=d 2 (@io— Qin) fee . (26) 


and Qi» represents the element of a matrix Q which transforms the normal coordinates 
o(u, v, w) into the cartesian coordinates r(x, y, z) of the molecule in the following manner 


N 
n“=> Qinttn ? 
p=0 
N 
Yi= Xi Vivdy , (27) 
p= 


N 
BSD QieW» . 
p=0 


In the above calculation the terms of higher power of velocity gradient G are neglected. 

In the experimental study of the flow birefringence one observes usually the magnitude 
of birefringence and the direction of the optical axes. As is shown in Fig. 1, under the 
condition of Eq. (9) the polymer solution has ordinarily two optical axes in the xz-plane, one 
of which A: lies in the first and the third quadrants, and the other Az lies in the second 
and the fourth quadrants. We denote the principal refractive indices of the polymer solu- 
tion in the directions of the axes A: and Az as m and mz respectively, also denote the acute 
angle between the A: axis and x axis as %1. Then we define the magnitude of birefrin- 
gence 4n and the extinction angle % by the following relations, 


An=m— 
1— He, (28) 
X=. 
For the comparison with the experimental results, we also define two quantities, the intrinsic 
birefringence [4m] and the intrinsic extinction angle tana as follows, 
[4n]=lim (4n/Gc) , 
c0 


tin (29) 
tan a=lim (z/4—)/G , 
c—0 
G0 


where c denotes the weight concentration of the polymer in the solution. The value of 
tana represents the initial gradient of the curve —%: vs.G at the infinitely dilute solution. 

On the other hand, the quantities [47] and tana are represented, in terms of the polari- 
zability tensor <A>, as follows, 


[4n]=4/9-2#NaM "(192 +2)2971- lim <Azz>/G (30-1) 
—0 


tan a= 1/4 ° lim <Aze— Azz>|< Azz>G (30-2) 


where Na is the Avogadro’s number, and M is the molecular weight of the polymer. Now, 
we put: 


li = { 
oon «Aize— Az» a ‘ (31) 
lim <4 5.6 (32) 
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O=32-5-1-31/2. 72-2 P— Py)?N 2Q-1( 9092 +2) 9219-5 , (33) 


where it is assumed that the limiting values are finite and definite. Then [4n] and tana 
are rewritten as 


[4n]=[42]o(1+.0) , (34) 


1+a9 
1+h@ ’ 


tan a=tan a: (35) 
where [47], and tan a represent the respective quantities when the optical interaction be- 
tween segments is neglected. a and 0b) are numerical constants, and by introducing the 
results of Eqs. (10), (11), (24) and (25) into Eqs. (31) and (32), they can be written as follows, 


N N 
dy=8-(n/2)°°NV* SS fn tao? i S420 (36) 
p= p= 
N N 
by=8-()2)N VES fo tty hy [3 dot (37) 
p=0 p=0 


Kuhn and Griin® obtained the following formulas for a random chain segment constitued of 
vy monomer units 
P=(a1+2a2)/3 5 
Q=(ai1—a2)/5va? , 


(38) 


where a represents the effective bond length of a monomer unit, and a; and a2 denote the 
components of polarizability of the monomer unit, which are parallel and perpendicular to 
the monomer bond respectively. 

Also, from the Clausius-Mrssotti’s equation we can derive a relation: 


Q At ishemiednde 
ID \24, =e Pan BHO Sel fy HEN 
in (=) Ie = , (39) 


ANo=No— Np , 


where ”,» is the refractive index of the pure polymer, and Ns is the number density of 


segment in this polymer. 
Substituting Eqs. (38) and (39) into Eq. (33), we can obtain another expression of @ as 


follows, 


18 \? Np*(n? +2) ( a ( mak = 
—2.31/2 : p .(—"*) <L2>-8/2 | 40 
ef fe (My? +2) a1 —az) No No oe ol 
where Nn=WNyv is the total number of mono- In this case the matrix element Qiy, and 
mer unit in one polymer molecule, No=vNs &%p and 4» can be calculated as follows: 
is the number density of solvent molecule in an | 
th vent apd Qu=(qaz) os(Gaa em), (42) 
e pure solvent, an |] N+1 ; 
SLING (41) 1/2 a 
={,—4-si : ; 
is the mean square length of a polymer mole- game: cr & ap pr) 2) 
aie a ok Inserting these into Eq. (17), and transforming 


the summation over suffices 7 and k into the 
double integral, we can obtain the formulas: 


Te AG On) COUN +1) */? -ap., (44) 


(2/2) 


§3. Calculation for Free Draining Molecule 


As is seen in the previous theories**) it is 
possible to perform some analytical calcula- 
tions, when the hydrodynamic interaction be- Pes n\ 


f ” sin? y ay\" sin? x/x>-dx . (45) 
tween the beads is neglected. 5 


0 
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The values of the integrals o, were evaluated 

by numerical calculations from p=1 to p=20. 

Employing these results in Eq. (44), and sub- 

stituting Eqs. (43), (44), into Eqs. (36) and 

(37), we calculated the constants a and do. 

The results are: 
Qo Ome On — OF 
Go='.51 for  pi=1/4, 
aQ=1.39 for pi=—co , 
bo =1.28 . 


Qo/bo=1.20=6/5 ; 
Qo/bo =1.18 , 
Qo/bo=1.09=13/12 ; 


(46) 
Now referring to Eqs. (34) and (35), we have 
the formulas on the flow birefringence in the 
free draining polymer molecule. 

The expression of 9, i.e. Eq. (40), has a 
factor (%—Mp)?, so that our result for [47] 
predicts that when the refractive indices of 
solvents used in an experiment are sufficiently 
close to that of the polymer, the observed 
values of flow birefringence depend upon the 
refractive index of solvent in a form of para- 
bolic relation. This is in agreement with 
several experimental results. For the com- 
parison with experimental results we adopted 
the recent experimental data of Tsvetkov?’, 
and Tsvetkov and Petrova’ of polystyrene 
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Fig. 2. Comparison of calculation with experi- 
mental values for polystyrene molecules 
(M=0.57 x 108). 
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and polymethylmethacrylate in several sol- 
vents. . 

In Fig. 2 and Fig. 3 the experimental data?’ 
for polystyrene of molecular weight Mi= 
0.57 x 10° and M2=1.29 x 10° are plotted against 
the refractive indices of solvents. The curves 
1 and 1’ show the calculated values of [4m], 
where the values of the parameters are re- 
spectively chosen as follows: 


[42].=—2.90, 
boO|(n0—Nv)? = —46.55 , (47-1) 
Ny=1.6 for curve 1, 

and a 
[4n],>=—4.50 , 
b.O/(m0—Np)? = —55.56 , (47-1’) 
Np=1.6 for curve 1’, 


Thus our calculation are found to reproduce 
the experimental values quite well. 

The figures also show the theoretical values 
of tana/tana) by the curves 2,3,2’ and 3’ 
which are respectively calculated from the 
same values of the parameters. The curves 
2 and 2’ represent the case of zero internal 
viscosity, in which the value @/bo=1.20 is 
used in the calculation. The curves 3 and 3’ 


tana/tanaoc 
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Fig. 3. Comparison of calculation with experi- 
mental values for polystyrene molecules 
(M=1.29 x 108), 
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represent the case of infinite internal viscosi- 
ty, in which the value a/b)=1.09 is used. 
As for the dependence of the extinction 
angle upon the refractive index of solvent the 
experimental result is not yet reported. 


[An] 107 tana/tanao 


a2: 


3516.40 


1.45 


Fig. 4. Comparison of calculation with experi- 
mental values for polymethylmethacrylate mole- 
cules. 


In Fig. 4 the experimental values” of bire- 
fringence for the polymethylmethacrylate 
molecules of the molecular weight M=4.5x 
10° are plotted against the refractive indices 
of the solvents. The curve 1’ shows the 
calculated value of [4”], where the values of 
the parameters are chosen as follows: 

[anle= 1-0 X10, 
b.O/(no—Ny)? = 186 , 
Wp TOUS. 

The curves 2” and 3” show the theoretical 
values of tana/tana, calculated from the 
same values of parameters. The curve 2” 
corresponds to the case of zero internal vis- 
cosity in which a@/bo>=1.20; and the curve 3’’ 
to the case of infinite internal viscosity in 
which d@/bo=1.09. 


(7-1) 


§4. Summary and Discussions 


Our result shows that the observed values 
of the birefringence and of the extinction 
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angle depend on the refractive index of the 
solvent, and the numerical calculation for 
[4n] can well reproduce the experimental 
values of the polystyrene molecules and of 
the polymethylmethacrylate molecules. 

Our theory is a generalization of that of 
Cerf*) who neglected the optical interaction 
between the molecular segments. When this. 
interaction is neglected in our calculation, the: 
expressions of [4”] and of tana must there- 
fore coincide with those of Cerf for small. 
internal viscosity as well as for infinite inter- 
nal viscosity. Indeed, in the case of negli- 
gible optical interaction we obtain 


2 
[An)o= 2 pele Ga an) M7) (48) 
and 
M SEI? : 
tana —Cy Semele 4.¢,, (49-1): 
for small internal viscosity, and 
mae: me. (49-2): 


for infinite internal viscosity, where .Y = 
giN gives the magnitude of internal viscosity,. 
and constants Ci, C2 and Ci’ depend on the: 
hydrodynamic interaction between molecular- 


segments. When the hydrodynamic interac-- 
tion is small, they take the values: 
(Ci=07 ’ 
C2=0.0062 , (50-1) 
Ci =0.9 ’ 


and when the hydrodynamic interaction is. 
large they take the values: 


C:=0.1, 
C:=0.0045 , (50-2): 
C1’=0.705 , 


Introduction of Eqs. (48), (49-1) and (49-2) into: 
Eqs. (34) and (35) yields 
4 ; (102 +2)? 


[An] =n 72101 (6,+b.03), (51) 
0 
F< 12 
tan a=(Cr “ol +r 29 2 ) 
Git acOy (52-1) 
O:+)O;7 
(for small internal viscosity) and 
pn, Madly) GitaOs 59-2) 
re ache, 


(for infinite internal viscosity), where 9: and 
@; are defined by 
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O;=a—-—a2 , 


O0;=(a1—a2)0 
=2.31( ) : Nin +2) : (se) 
7 (Mp? +2)4 No 
Nu 2 
(Ney. crry-2e, 54 
( a <L*y (54) 


In the above expressions the optical factor 
@, takes always the positive value, and it con- 
tains a factor (4m)?=(m—Mnp)?, therefore in 
the neighbourhood of m=» the curve [47] vs. 
NM iS approximately expressed by a parabola 
which is concave upwards and has a mini- 
mum point at m=m»y, as is seen in Figs. 2 and 
3. On the other hand the factor @; can take 
either the positive or the negative value ac- 
cording aS a@:>a@, or ai<a@2. From these 


[An] tana 


[An]=O O 


Fig. 6. Curves of [4n] vs. mo, and of tanavs 
for a,;=a2. 


fan] 


tana 


OL Byte Sele eG 
No 


Fig. 5. Curves of [4n] vs. no, and of tana vs. N) 
for ay> Ae 
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properties the results can be classified into 
several cases in which the curve [47] vs. mo 
and the curve tanavs.m have different 
figures (Figs. 5, 6 and 7). 

( i ) a>a2, —0:>0 (Fig. 5) 

In this case both [4] and tan a take always 
the positive value. The curve [4x] vs. m and 
that tanavs.m% have their minimum points 
at %>=N». The curves are shown in Fig. 5, 
and this case corresponds to that of Fig. 4. 

(ii) 6:=0 (Fig. 6) 

In this special case [4] also takes the posi- 
tive value except at the minimum point where 
it becomes to zero. The optical factor in the 
expression of tana vanishes, so that tan@w 
does not depend on the refractive index of 


a;=—a2, 


solvent. The curves are shown in Fig. 6. 
(iii) a<ae , 0:<0 (Fig. 7) 
[An] tana 


Fig. 7. Curves of [dn] vs. m, and of tanavs. ng 
for ay<a. 


In this case [4v] takes negative value when 
|470]=|no—ny| is small, but it takes the posi- 
tive value when |4m| is large. The behavior 
of tana is quite different from that of the 
other two cases. The curve tana vs. m has 
a maximum point at m»=m», where [4m] takes 
a minimum value. At the special point at 
which [47] vanishes, that is, where the equa- 
tion: 

O:+b.0;=0 (55) 
is satisfied, the curve tanavs.m is discon- 
tinuous. The pattern of these curves are 
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shown in Fig. 7, and this case corresponds 
to that of Fig. 2 and Fig. 3. 

As we can see in Eqs. (51), (52-1) and (Ze 
the optical factors of [4n] and tana consist 
of two factors 9; and @;. The former G; 
represents simply the intrinsic optical aniso- 
tropy of a monomer unit of the polymer 
@,—a2z, and so this is independent of the 
optical interaction. The latter 9; comes from 
the optical interaction between molecular 
segments in the solvent, and it depends on 
the refractive index of solvent. So our result 
shows that when the optical interaction be- 
tween segments does not exist, or when it is 
negligible, the observed values of [4m] and 
of tana do not depend on the refractive in- 
dex of the solvent. Also it is shown that 
when the observed values of [47] and tana 
do not depend on the refractive index of 
solvent, then the effect of the optical inter- 
action is negligible in such a system. 

However we can see that in a certain case, 
as is shown in Fig. 6 of the case (ii), where 
the optical anisotropy of the monomer unit 
is very small, or when |ai—a:| has very 
small value, the value of tana becomes al- 
most independent of the refractive index of 
the solvent, even though the optical interac- 
tion between segments is very large. 

It is generally recognized that when the 
absolute value of the ratio of the two optical 
factors 9=@,;/O; is sufficiently smaller than 
unity, the effect of the optical interaction on 
the observed results is negligible as compared 
with that of the intrinsic optical anisotropy. 
So, when we choose an appropriate small 
number, &, we can determine a domain of 
the refractive index of solvent, in which the 
effect of optical interaction is negligible, by 
a following definition: 


EOE: O2E<hy, (56) 


Then from Eq. (40) the magnitude dm for 
this domain: 
Np— ON) <No<Npt+ONo 


can be expressed by the following equation: 
Ono=V E/|Ool ) 
Q=O/(Ano)? . 

According to this definition the magnitude 


Om is proportional to YY |ai—a2| , therefore 
this domain is enlarged as the optical aniso- 
tropy of monomer unit becomes large. Also 


(57) 
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the magnitude of dm is independent of the 
sign of ai—a:. 

The results in Eqs. (51), (52-1) and (52-2) 
can be compared with those of the theory of 
Copic®’ (C-theory), which is based on the 
dumbbell model. The expressions of C-theory’ 
are given by 


4, (ut+2) ala) 


An = . 4 ; 
[4n] 97 zs RT (@:+67), (58) 
and 
1 noL7] 

t = a Bi 

Nr co (59-1) 
for negligible internal viscosity, and 
7 oly] od +6/7-Oy 

tana=—. : 99-2)! 

RIC Oi tvy ( 


for infinite internal viscosity, where # and 
0; are parameters depending upon the optical 
constants of the polymer solution, which are. 
given by 


9:=S(ai—ar) ; (60): 
16 3 27 9M \2 
r= - | —— 2-3/2 
Fr 5 en) Cane 
: No*(Ny? —No*)? (61): 


(Mp? +2nv2)* 

As we can see in the above results, both 
theories give the similar form of equation for 
[4n] and tana, except tana for negligible 
internal viscosity, where the expression of C-- 
theory has no optical parameter. Our result 
shows that the observed value of tana de- 
pends on the refractive index of solvant be- 
cause of an optical factor 0:+a@.0;/0:+b.0;- 
as in case of [4u]. So when [4] vanishes at 
a certain value of the refractive index of 
solvent, which is given by the equation: 


0:+5,0;=0 (55): 


the value of tana is discontinuous at this. 
point, as is seen in Figs. 2 and 3. 

In case of the polymer molecule with infi- 
nite internal viscosity our numerical calcu- 
lation gives a value a)/b)=13/12, and this 
value should correspond to the value 6/7 in 
C-theory, which is the coefficient of #; in Eq. 
(59-2). Probably such a difference of the 
values comes from the differences in the 
theoretical models and in the mathematical 
approximations used in the two theories. 

The constants @ and 0d are at first defined 
by Eas. (31) and (32) in terms of the elements. 
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of polarizability tensor, <A:> and ¢A2> only. 
But our calculations of such quantities were 
performed through some mathematical ap- 
proximations, such as Tix=<Tix> as is done 
in Eq. (20). One can still imagine that an- 
other more rigourous theory would give a 
relation: 


(62) 


and as the result the optical factor of tana 
in Eq. (52) or (35) will disappear, and such a 
calculation will predict non-dependence of 
tan a upon the refractive index of the solvent. 
The equation: a=, that is a@o/bo=1 re- 
quires the relation: 
-. <Abzz> 


: « Aser— Arzz> 
l =| : 
aye < Atzx— Atzze> a0 « Atzz> 


‘The experimental varification of this relation 
will be considerably difficult, because the 
-calculation shows that the birefringence [47] 
vanishes at the critical point where tana is 
_discontinuous, so the absolute value of du 
becomes very small in the neighbourhood of 
this point. 

Finally it is to be noted that there is an- 
other difference of the results of tana be- 
tween C-theory and our theory. As we can 
“see in the above result, the calculated values 
of the constant a/b) are larger than unity 
for both small and infinite internal viscosities 
-of the molecules. But on the other hand C- 
theory gives values not larger than unity, 
i.e., unity and 6/7 for small and infinite inter- 
nal viscosities respectively. This result yields 
va remarkable difference between the patterns 
~of the curves: tanavs.m in two theories. 
“That is, if the value of a/b is smaller than 
‘unity as in the case of C-theory, the curve 
scomes just into the position of its reflected 


(igen OF Giylh=N,. 


(63) 
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image on the other side of the straight line: 
tan a=constant=tan a 


which is parallel to the abscissa, and so in 
the neighbourhood of the critical point tana 
takes the different sign. Such a difference 
of the two theories might originate in the 
theoretical models and in the mathematical 
approximations used in them. 


The author is very grateful to Professor Ch. 
Sardon and to Professor R. Cerf of the “ Cen- 
tre de Recherches sur les Macromolécules ”, 
who gave him facilities and invaluable sugges- 
tions for this work during his stay in Stras- 
bourg. 
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An Expression for Orientation in Cellulose Fibres 


By V. D. GupTa* 
Textile Research Institute, Princeton, New Jersey, U. S. A. 
(Received January 31, 1961) 


Hermans’ orientation factor can be evaluated only when the diatropic 
and paratropic interferences arise from planes which form an orthogonal 
set. This is only approximately satisfied in case of both Cellulose I and 
Cellulose II. In the present communication an exact expression has been 
derived which can be evaluated from x-ray measurements, angle between 


face normals of paratropic interferences and the optical constants. 


The problem of crystallite orientation in 
natural and synthetic fibres has been solved 
by many workers'-‘). It has been studied 
both from x-ray and optical methods. The 
x-ray method is more useful because optical 
methods furnish informations merely as to 
the average orientation of the entire fibrous 
substance whereas the x-ray method gives 
orientation of only the crystallite components. 
Hermans and others*®) have worked out an 
expression for a quantitative evaluation of 
the crystallite orientation in cellulose. This 
is, however, applicable only when the dia- 
tropic and paratropic interferences arise from 
‘an orthogonal set of planes and it is only ap- 
proximately satisfied in case of both Cellulose 
I and Cellulose IJ. In the present paper an 
exact expression has been derived. 


Section I 


In Fig. la let one of the axes of the polari- 
sation ellipsoid coincide with the crystallo- 
graphic 6 axis which represents the direction 
along the cellulose chains and a, 0, o3 the 
three polarisabilities. Further let b denote 
the normal to the diatropic planes 0k0 and a. 
az those to 410]; and h20/2 respectively. The 
pricipal axis o: of the polarisation ellipsoid 
coincides with 5b and oo, os lie in the plane 


oas. If dis the angle ood, 4: is bf, po is oof 


electric field in the direction of the fibre axis 
is 


oKo 


a eae 
CR 
a 

we 
BER 


VLR 


S 
YY 
BS 
XX x 


aS oe a . . 
and #3 is o3f, the polarisability in the direc- (b) 
tion of the fibre axis resulting from unit Fig. 1. 


5, =01 COS? 01 +0 COS? Yo +03 Cos’ ds , 


and averaging over all positions of the crystal 


Gly 


6 =01 COS? 01 +00 Cos? Yo +o3 Coss . 


* On leave from the Physics Department, University of Allahabad, India. 
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It is obvious that 


cos ¢)=cosec a{sin (a+6) sin 2—sin 6 sin 43} 
cos #3=cosec a{—cos (@+6) sin 62+cos O sin 43} , 


a 
where a@ is the anngle aas. 
Also 


cos? 0:=1—cosec? a(sin? 2+sin? 4) , 
(see Section II) where 02, 03 are the angles which the normals to the two paratropic planes 
make with the fibre axis and are measured from the equator in the x-ray photograph when 
this relation is satisfied. Making these substitutions in I we have, 
0 =01—cosec? aloi—oy sin? (@+6)—o3 cos? (a+0)] sin? A2 
—cosec? alo1— oo sin? d—a;3 cos? 0] sin? 43 , 
remembering that sin #2 sin 0;=0. 
Polarisability perpendicular to the fibre 
01, =2(1+00+03—9)) , 
6, =3[0)+03+cosec? a{o1—o> sin? (a+0) —a3 cos? (a+0)}sin® A2 
+cosec? a(o1—dy sin? d—oas cos? 0) sin? 03] . 


The orientation factor f is defined as the ratio between the actual double refraction of the 
crystalline material and that at complete orientation. Hence 


Bee ae 
(0 —O1)c’ 
3 [cosec? a{o1—9y sin? (a+6)—o; cos? (a+6)} 
2 | 61—3(00 +03) 
3 [ cosec? a(a1—> sin? d—os cos? 6) 
i | 01—43(0) +03) 


yw 
IL 


|= O02 


|= A3 , 


which is the general equation. 
If we assume o)=os as is true for most of the cellulose fibres, 


f=1-3 cosec? @ (sin? #2+sin? 63) . 


Section II 


Relation between 61, 02 and 03: 

Let the normals to three planes 0k0, 1:0/: 
and h.0/2 represent the three axes fixed in 
space and OP the direction of the fibre axis. 
The angles 0@:, 0: and 63; are then as shown 
in the figure. If7Z be a vector along the fibre 


axis and ai, dz and a; its components, we can 
write, 


l=aiitaj+ask , 
where 7, j, k, J are unit vectors. Or 


Figs 2: 


1.l=ay +a2+as?+2aiari.j +2a203j.k+2a:asi.k=1. (a) 


Again we have, 
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COS O1=a1+Gol.j +asi.k , 
COS 62=aij.i+a2+4as3j.k , 
COs O63=a1k.i+azk.j+as . 


Solving these equations for a, a2 and as we get 


PCosUi 29 ih Le te eter. 
Ma=j|cost 1 jk| +i) 72 1 fk, 
cos@; kj 1 lheeturnksjaee | 


and two similar determinants for a, a2 and as. 


In a monoclinic system 0k0 is orthogonal to /0/; and 20/2 and therefore, 


i905 
1k=0, 
j.R=cos @ (say). 


On simplification of these determinants we have 


a=cos hf, , 
d2=(COs 02—cos a cos §3)/sin? a, 
a3 =(COS 0;—Cos @ COs 82)/sin? a. 


Substituting these values in (a) we get, 


sin? 6;=cosec? a(cos? 02-+cos? 4;)—2 cosec a cot a COS 82 COS O3 . 
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If, however, the angles #2 and @; are measured from the equator and an average value of 


the angles is taken, 


sin? 6;=cosec? a(sin? #2+sin? 3) , 


The values of sin? 62 and sin? 6; can be evaluated from the x-ray photographs in the usual 
manner. The author has also derived a general expression for the angle between face nor- 


mals in a crystallographic system®. This is given by, 


ea, 
VT, DLT) Dh 


cos7! 


Where 7(x, y) is 


: op) a | 1 
sin? @ Fs sin? 8 it sin? 7 Beseees gatas ay( il i ) 
xiv X2 V2 X3V3 X3yo X23 


+(cos 7 COS A—COS a 
X3V1 X13 


1 
)+(cos a@cos B—cos r)(- 
X12 


where %1, x2, %3 and 1, ye, ys are the intercepts along three axes and a, B, 7 are the axial 
angles. For a monoclinic system (to which cellulose belongs) the angle between the paratro- 


pic planes in terms of Miller indices and axial lengths is given by: 


wee +h —p SOAS 


a 


COS” ]{ te fe thin ,\( ht it hale | 
v( oe cos B)( + 72 cos 8) 
a Ge ac a C2 ac 
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Here a is the monoclinic angle. Thus the 
orientation factor can be completely evaluated. 

An experimental determination of this is 
being carried out and will be shortly reported 
elsewhere. 
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The Confinement of Plasma by the Heliotron Magnetic 


By Koji Uo 
Electrical Engineering Institute, Faculty of Engineering, 
Kyoto University, Kyoto 
(Received February 1, 1961) 


A magnetic field named the Heliotron field is produced by the electric 
current in a series of pair coils wound around the discharge tube with 
regular intervals. The electric current in each coil of the pair differs 
both in intensity and direction. The lines of force in this field undulate 
near the tube axis without cutting the wall, while these near the tube 
wall cross the wall. Thus the high temperature plasma can be produced 
by ohmic heating in the central region of this field being prevented from 
touching the wall. This field is found to satisfy the necessary condition 
for the equilibrium. The interchange instability of the plasma confined 
in this field is discussed. A general expression is given for the magne- 
tic field, and it is shown that the Heliotron B magnetic field, the cylin- 
drical cusp field, the helical winding field of the Stellarater and the 
Picket-Fence field are derived as special cases of this general formula. 


Rec. 


Under Publication Zeits fur 


Field 


field uses series of pair colis which are wound 


There are two different types in the con- 
finement of high temperature plasma by a 
magnetic field. The magnetic pressure is 
comparable with the plasma pressure in one 
type, and in the other the magnetic pressure 
is much larger than the plasma pressure. 
For example, the pinch type machine belongs 
to the first type and the mirror type machine 
and the Stellarator to the second. 

Recently two machines of the second type 
have been constructed successively in Kyoto 
University and named the Heliotron A and 
the Heliotron B?. The Heliotron* magnetic 

* The basic plan of the Heliotron field was first 
presented at the meeting of Thermonuclear Con- 
ference of Japan (May 5, 1958), and was published 
in Kakuyugo Kenkyu, 1, (1958) 20. 


around the discharge tube of toroidal shape 
with regular intervals. In general, the 
electric current in each coil of a pair is dif- 
ferent in both intensity and direction. The 
magnetic field produced by these currents 
are composed of two different regions. In 
the region near the tube axis the magnetic 
lines of force undulate along the axis with- 
out cutting the wall, whereas those near the 
tube wall cross the boundary making short 
arcs inside the wall. Therefore, the high- 
temperature plasma can be produced by 
ohmic heating only in the central region of 
the magnetic field, since particles near the 
wall cannot be accelerated sufficiently by the 
applied axial electric field. 


Thus it may be said that the machine has 
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the effect of preventing the hot plasma from 
directly touching the wall, and it does not 
need such an apparatus as the aperture 
limiter which was used in the Stellarater in 
order to limit the radius of the plasma 
column. 

The Heliotron A of toroidal shape was con- 
structed first. Its discharge tube was made 
of Zircon ceramic with the torus radius of 
30cm, the inner radius of the tube of 8cm, 
and the thickness of the tube wall of lcm. 
It had six apertures for observation. Unfor- 
tunately the Heliotron A was damaged pre- 
sumably due to the residual stress in the 
ceramic and the mechanical stress caused by 
the field coils which were wound around the 
torus tube. 

Next, the Heliotron B has been construct- 
ed. Its discharge tube has the shape of the 
race-track, and is made of strainless steel. 
Its curved part has nearly same size as the 
Heliotron A, and the length of its straight 
part is 50cm, the inner radius of the tube 


8.4cm, and the wall thickness 0.2cm. It has 
nine apertures for observation. The field 
intensity is about 20,000 gausses. Now, 


various experiments are being carried on 
with the Heliotron B. 

In this paper, we describe first the configu- 
ration of the Heliotron magnetic field and 
discuss the condition for the confinement of 
high temperature plasma in this field. Second- 
ly, it will be shown that this field satisfies 
the necessary condition for the equilibrium 
within the framework of the magnetohydro- 
dynamic approximation. Lastly, we will dis- 
cuss the interchange instability of plasma in 
this field. 


§2. General Configuration of the Heliotron 
Magnetic Field 

Let us consider a magnetic field produced 
by the electric current in the coils, which 
are wound, as shown in Fig. 2.1, around:a 
torus tube with regular intervals. The out- 
line of the magnetic field in a cylindrical 
section involving the tube axis is shown 
graphically in Fig. 2.2. 
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It is assumed that the charged particles in 
slightly ionized gas in the tube move along 
the lines of force being accelerated by an 
electric field, and that the plasma is so dilute 
and the magnetic field is so strong that the 
magnetic pressure Pmag is much larger than 
the plasma pressure pfgas. In this case 
charged particles inside the curve AB of 
Fig. 2.2 are accelerated over a long distance 
and obtain high energy. On the other hand, 
particles outside AB run along the lines of 
force which are interupted by the tube wall 
and therefore they cannot obtain high energy. 
Thus it may be expected that we can gene- 
rate the discharge only in the region inside 
the curve because the electric conductivity 
along the direction becomes so poor near the 
wall that the high temperature plasma in 


y poke wall 
WG oO /, (e) (@) 
- 6D =— —~ 9 
hr X 
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IV) /P VA Vi: U4), ey 4 
c o 
Fig. 2.2. The lines of force inside thefcurve AB 


undulate along the axis without cutting the wall 
whereas those outside the curve AB cross the 
wall and those outside CD are the leakage flux. 
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inner region is prevented to reach the wall 
except at the point G (see Fig. 2.2.) 

This field appears to be effective for pro- 
tecting the wall against the hot plasma and 
for decreasing the influx of impurity from 
the wall. At point G however, the high tem- 
perature plasma touches the wall. In order 
save this defect double rows of coils as shown 
in Figs. 2.3 and 2.4 are introduced. The 
direction of electric current in outer coils is 
opposite to inner one. The magnetic lines of 
force in these fields are roughly skeched in 
Ime, Bay einl 2O- 

In these fields the magnetic lines of force 
inside AMB do not touch the wall, whereas 
all lines outside AMB cross the wall leaving 
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short arcs inside the wall. The lines of force 
near the axis are completely separated from 
those near the wall, and therefore the high 
temperature plasma confined by the lines of 
force inside AMB do not touch the wall at 
all. Therefore, these fields are evidently 
more advantageous for confining hot plasma 
than the field shown in Fig. 2.2. 


The rows of coils in Fig. 2.4 may be modifi- 
ed as shown in Fig. 2.7, or coils may be 
wound helically around the tube as shown in 
Figs. 2.8~2.10. In the latter case the lines 
of force also become helical, and this field 
may be called the Heliotgon H field. 

The magnetic fields generated by these 
double rows of coils are named the Heliotron 
magnetic field. Let us denote the ratio of 
electric currents in two coils of a pair by A. 
If we put A=1 in the windings of Figs. 2.7 
and 2.10, they reduce to the Picket Fence 
field and to the field produced by the helical 
windings of the Stellarator respectively. 

It is one of the merits of the Heliotron field 
that we can bore apertures for observation 
without introducing correction coils, which 
are usually necessary for eliminating the 
field distortion caused by the irregularity of 
the coils near the apertures. 

The patterns of the magnetic fields produc- 
ed by the windings are observed experimen- 
tally by the iron sand method, and their pic- 
tures are shown in Figs. 2.11, 2.12 and 2.13. 
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The Heliotron B Magnetic Field, 2=0.5 
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The Heliotron H Magnetic Field, 2=0.5 
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§3. Basic Equations of the Cylindrical Magnetic Field 


If we assume that a cylindrical magnetic field is generated by the coils wound around a 
cylindrical tube and no current exists inside of it, we have 


rot B=0. Ga) 
Then the magnetic flux density Hee given by 
B=grad ¢ , (3.2) 
where ¢ is a scalar function. From Eqs. (3.1) and (3.2) we have 
y’o=0, (3.3) 


and if we solve this Laplace equation we obtain B from Eq. (3.2). Equation (3.3) may be 
expressed in the cylindrical coordinates (p, 9, z) as 
Orb 10¢, 1 OO Op 
00 000 pp? 00? 02 


(3.4) 


Let us assume ¢ in the following form: 
b=F(p)GA)S(Z) , (3.5) 


where S(z) and G(@) are periodic functions of z and @ respectively. Substituting (3.5) into 
Eq. (3.4) and solving the resultant ordinary differential equations we have the following 
solution (see Appendix II): 


b=e: log 0+€20+e3z 
Se > » {cy cos (vez) +dy sin (vez)}( Pn cos nO+Qn sin n0) 
v=l n= 


X{Anln(ve0)+ BrKn(v«o)} (3.6) 


where é: log, e:6 and esz are particular solutions of Eq. (3.4), and «, cy, dv, Pn, Qn, An 
and £6, are numerical constants. If we impose the bundary conditions 


|B| oo ioe j= 


a 
JE =0 for nO+vez=mrz , Hp, Il, By ove ae 
to (3.6), ¢ becomes 

o=e3z+ s > An ln(vep) sin (nO+vKz) . (3.8) 

v=1 n=0 

Substituting (3.8) into Eq. (3.2) we have 
iy cy si vAnvIn'(vep) sin (nO -+ vez) , (3.9) 
Bo= = 3S nAwlveo) cos (nd-+y62) , (3.10) 
B.=e+« >, ¥ »AnIn(vep) cos (nd +y«2) (3.11) 


and the magnetic lines of force are obtained by solving the following differential equation: 


d do _ odé dz 
poe Ba oo (3. 12) 
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$4. Equations for the Heliotron B Magnetic Field 
Putting 
n=0, (4.1) 


in (3.9)~(3.11), we have the expression for the axisymmetrical magnetic field of the Heliotron 
B type as follows: 


Eg=0 ,. (4.2) 


By=« > vAovli(vep) sin (vKz) , | 
Bz=es+r > »Awh(v«0) COs (vez) , | 


The magnetic field given by (4.2) approximately expresses the situation in the region inside 
the curve AMB of Fig. 2.5. Putting, as a simplest case, 


v=1 (4.3) 
in (4.2), we have 
Bo=« Aonli(«p) sin «z , 
(4.4) 
Bze=e3+« Aoili(«p) cos «z . 


Expression (4.4) can also be derived from the vector potential given by Liist and Schliiter?. 


Now we take (4.4) as an approximate expression of the Heliotron B magnetic field. First 
we have to determine the integration constants «, @s, Ao:1. The assumption that the field is 
periodic in the z direction gives (see Fig. 4.1) 


Kaa/l@ . (4.5) 
Putting 
a=(n/a)z , B=(z/a)o , (4.6) 
(4.4) becomes 
By=« Aorl(B) sina , \ (4.7) 
Be=estnAolh(B) cosa. 


In order to determine constants Ao: and és, we have to calculate the intensity of the magne- 
tic field along the axis of the colis as shown in Fig. 4.1. Coils have the radius 0) in com- 
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mon and their centres are located on the z axis with equal interval a. The electric currents 


in these coils are J and —A/ alternately. Pe. 
The magnetic flux density along the axis due to a single coil placed at the origin is 


Boe= (obi Ti2y Deze) 2 


Therefore the flux density along the axis due to all coils is given by 


Bua LOS [b+ (e200)? — Ab? + (2—Bv $1 a)*}-*7] . (4.8) 


y=-0 


Let the flux density at the origin (0, 0) and the point (0, @), Boo and Boa respectively, they 
are given by 


Boo={ Hob? 1/(2a°) (Si1— aSz) , \ (4.9) 
Bo. ={ 0b? T/(2a?)}(S2—AS1) , 
where 
a 5? 1 b° 2 ) 
ces aS —— 0.0505 — 0.0035— + --- : 
Sie! tae EROS tas ( a | (4.10) 


b? 
ee OMORG O01 Ore eta |: 
SE VIETATOd =+{ a ) 


Bo and Bo. are determined by (4.9) and (4.10) if the aspect ratio of the coils a/b and the 
current ratio 4 are given. From (4.7) we have 


ee = 


a= (Bu+Bu) = (Ste 2) (4.11) 


ae If 


Br="An=— (Bu Buli= 6 Sd (4.12) 


Denoting the coordinates of the equilibrium point M by [@-, (2n+1)a] in the (0, z) coordinate 
or [Be, (2n+1)z] in the (8, a) coordinate, we have, from (4.7), 


1—A Si+S:; 
ye = 3 = 1 ; 
aes aot Olah ES BCR 


(4.13) 


The position of the equilibrium point is also dependent upon a/b and 2. Substituting (4.12) 
and (4.13) into (4.7) we have 


Bo=B-h(8) sina , | 


4.1 
Bz=Be{Ip(Be) + 10(B) COS a} . ( 2 
Again substituting (4.14) into Eq. (3.12), we obtain 


do SR te Ii(8) sine 
dz da _  Ij(B.)+ h(8)cosa’ 


(4.15) 


Integrating (4.15), we obtain the following equation for the line of force: 


— o(Be) gf Bo? _ 
cos a= 5 a( = 1) : (4.16) 


where {> is the parameter which designates the line of force. For the lines of force inside 
the equilibrium point M, ®) of a line of force equal to the value of 8 on the lines of force 
at a=7/2. The field represented by (4.14) and (4.16) is shown graphically in Fig. 4.2. But 
the solution given by (4.16) does not represent the true situation near the coil. In order to 
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obtain better approximation we must compute the line of force using the complete expres- 
sion (4.2). If 4 tends to S2/S; it may be seen from (4.13) that 8 becomes 0, that is, the 
equilibrium points come to the axis as shown in Fig. 4.3. Further inereaiieatae valde of 
4 we find that there appear two equilibrium points on the axis in one period (see Fig. 4.4) 
Finally for 2=1 the equilibrium points coinside with the points [0, (2+1/2)z] on the ae 
(Fig. 4.5), and the magnetic field becomes the Picket Fence field. ee 4.3~4,5 have been 


drawn using (A.4). 


(aN | 
JWI 
mi 
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VERY 
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Fig. 4.3. Fig. 4.5. 


§5. Cylindrical Cusp Field 


The magnetic fields given by (3.9)~(3.11) include the cylindrical cusp fields as a special 
case. If we put, in (3.9)~(3.11), 
Sil , 
\ (Sal) 


£z-0, 


and expand the modified Bessel functions, we have the following expression: 
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Bo= eh ee Os no , 
B= > Am pnt cos n8 , (5.2) 
n=1 2%(n—1)! 
B:=eat 3 Kp Ant ye=1 Cos no. 
‘n=l 2”(n—1)! 


The limit «z0 means that the period of the field in the z direction tends to infinite and in 
this case xp—0. We have to ignore the term m=0, since this gives Bo=B,=0. For sim- 
plicity, let us take the term n=m alone: 


Bo=cmo™' sin m6 , | 


Be=Cmp™— cos mé , A (5.3) 
B.=es , 

where 
Cm=K™ Ami /{2™m—1)!} . (5.4) 


In (5.3) we neglected the second term of B. as cp is assumed to be small. From (3.12) it 
will be seen that the projection of the line of force (5.3) to a plane perpendicular to the 
tube axis is represented by 


(5.5) 


1 
cos mé | é 
where is the value of o at 0=0. 

Fig. 5.1 shows the magnetic fields in the neighbourhood of the tube axis, which are given 
by putting m=1, m=2 and m=3 in (5.3) and (5.5). The magnetic fields given by (5.3) are 
made by superposing a constant magnetic field in the z direction upon the field which is 
produced by the linear currents put on the tube wall parallel to the tube axis. The flux 
density of the fields takes the minimum value es on the axis. 


y Sa 


m=1 m=2 m=3 
(a) (b) (c) 
Fiz 51. 


Further it may be noted that the intensity of the magnetic field decreases towards the 
axis and thus this part of the field appears to be a sort of magnetic bottle. However 
Fig. 5.1 shows that the lines of force of the field cross the tube wall, and therefore the 
dilute plasma, in which particles move along the lines of force, cannot be confined within 


this bottle. Only exceptional case es=0 may be the one in which case the dense plasma 
can be confined in this bottle. 


§6. The Heliotron H Magnetic Field (Helical Heliotron) 
For n#0, (3.9)~(3.11) give the magnetic field produced by making the coils of the Heliotron 
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B (Fig. 2.4) helically around the tube as shown in Fig. 6.1. This field gives a transitional 
type from the Heliotron B field to the cylindrical cusp field, and it may be hoped to have 
the merits of both types of the field. Putting y=1 and m=m in (3.9)~(3.11), we have 


/5y. = Am1Im‘(B) sin u 5 
Bo=rAmi e Im(B) COS uv , (6.1) 


Bz=e3+K«AmtIn(B) COosSu , 
where 


u=n0+e. (6.2) 


Assuming that 


15-=0 for, S8=f2 and w=7, 
\ (6.3) 
B= Brimiot: a=n/2: 
we have 
é3= Bo “ tr Ami = Bo/{In(Be)} . (6.4) 
Substituting (6.4) into (6.1) we obtain 
Bo=Bo{Im(B)/Im(Be)} Sin u , 
Bo=(m/B){ In(B)/Im(Be)} COS uU , (6 5) 


B.= Bo {1 a COs ub : 


The field given by (6.5) is produced by m pairs helical winding. From (3.12) we have 
GPs PBs (6.6) 


du mBotBBz © 


Substituting (6.5) into (6.6) we obtain 


mE 4 g\ Im(B) ee gela (2) ee sa 
‘3 +( a ap ) In(Bore te hap Bo) sin udu=0 . (6.7) 


Equation (6.7) becomes a total differential equation by multiplying an integrating factor, 
and its solution is given by 


eet In(B) 


—+ B——~ cosu=C' , (6.8) 
2 Im Be) 


where c’ is a constant. If we assume that, along the line of force, 
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B=Bo for w=7/2'5 (6.9) 
we obtain the expression for the magnetic line of force 
= dull: es 1) (6.10) 
cos u= DIn’(B) B 2 


From (6.10) we can see that 8 is a function of cosu alone. This means that the lines of 
force inside the point [@=8-, w=z] undulate in the band 


Bmin EW ps Bmax : 


(6.11) 


Therefore, if we take the field which satisfies the condition 


Be<(z/a)x(inner tube radius), 


the lines of force inside the equilibrium point do not cross the tube wall. 


(6.12) 


An exact ex- 


pression for the field produced by m pairs helical winding is given by 


[pI Cnln' (2) sin'Un , 
s=1 
Bo= S. nenln(B) COS Un , (6.13) 
s=1 
B.=e3+k Ss CnIn(B8) COS Un , 
s=1 
where 
nN=Ms , Un=ms0+ea . (6.14) 

If we put m=0 in (6.10) it reduces to (4.16). 
§7. Equilibrium of the Plasma in the Herio- finitesimal flux tube and V is its volume 


tron Field 
Under the magnetohydrodynamical approxi- 


mation the equilibrium condition of the 
plasma is given by 
Vp=jJXxB, (7.1) 


where the gravitational force is neglected. 
Equation (7.1) shows that the isobaric surfaces 
G2) 
are weaved by the lines of current and 
magnetic lines of force. We define a func- 
tion U by the integral along the line of 


force 
dl 
U=—\—, 
i 
where integration is carried out over one 
period of the line of force. We see that the 
isobaric surfaces coinside with the surfaces 
of constant U. However, assuming ¢ to be 
constant we have the relation 
-u=|\9 =< asa = 4y, 
Be v) 
where dS is the sectional area of the in- 


p=const , 


(7-3) 


(7.4) 


involved in one period. Thus —U is found 
to be proportional to the volume of the flux 
tube, and we can conclude that the isobaric 
surfaces coincide with the magnetic surfaces 
weaved by the lines of force along which the 
volume of the flux tube is constant?). 

Besides, in order to make the magnetic 
surfaces coinside with the equilibrium sur- 
faces so as to confine the plasma, it is requir- 
ed that the isobaric surfaces be toroidal and, 
for practical use, be inside the toroidal dis- 
charge tube and not cross the tube wall. For 
example, in the case of the field produced 
by coils wound uniformly around a circular 
toroidal tube such as Zeta, the magnetic flux 
density B is inversely proportional to R, the 
distance of the line of force from the toroidal 
center. Then the constant U surfaces are 
given by 


R=const. (7.5) 


The surfaces are coaxial cylinders with the 
axis which coinside with the toroidal axis, 
and they are not toroidal. Therefore, these 
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surfaces cannot be the equilibrium surfaces. 
Physically, in this case, the plasma current 
flows in the direction of the troidal axis and 
produces the charge separation which destroys 
the plasma confinement. 

On the other hand, in the case of the un- 
dulated field, U takes different values at dif- 
ferent distances from the tube axis. When 
the tube is a straight cylinder, the constant 
U surfaces become coaxial cylinders whose 
axis coincides with the tube axis. In the 
case of the troidal undulated field, the sur- 
faces become toroidal and their axes are dif- 
ferent from the tube axis as shown in Fig. 
7.1(a). In this case, the cross-sectional area of 
the constant U surfaces, which do not cross 
the troidal tube wall, becomes very small un- 
less one makes the the troidal radius suffici- 
ently large compared with the tube radius or 
the amplitude of the undulation of the line 
of force sufficiently large. 

The Heliotron B field, has the equilibrium 
points distributed periodically inside the wall. 
Since the flux density B becomes 0 at these 
points we can make U as large as we wish 
in the vicinity of the points. In Fig. 7.1(b), 
the thick solid line represent the boundary of 
the cross section of the magnetic surface 


tube wall 


Fig. 7.1. 
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weaved by the constant U lines of force pass- 
ing through the equilibrium points. In the 
Heliotron B field therefore, all the constant 
U’ surfaces are located inside the solid line 
and make toroidal surfaces. Since it is easy 
to have the equilibrium points inside the tube 
wall, it may be said that the Heliotron field 
essentially satisfies the necessary condition 
for the equilibrium. 


§8. Interchange Instability of the Plasma 


in the Heliotron B Field 


Let us consider the interchange instability” 
of the plasma confined in the Heliotron B 
field shown in Fig. 8.1 from the particle- 
dynamical point of view. In Fig. 8.1 M is 
an equilibrium point of the magnetic field. 
The change in plasma energy 4E», which is 
caused by the interchange of the plasma con- 
tained in flux tube I with that in II of equal 
magnetic flux, is given by 

AE,p=—ON Ou , (8.1) 
with 
ONo=Noz—No1 ’ 


anon =| laren, PCR i 


(8.2) 


where No: and No are number of particles 
contained in flux tube I and II respectively, 
Ow(p, w) is the change in energy of a single 
particle which has magnetic moment yw and 
total energy w, and f(z, w) is the distribution 
function. The condition for stability is ex- 
pressed by 4E,>0. If dwo>0 the plasma is 
stable for interchange instability from the 
orbit theory*’, and we discuss the case duwo< 
0. In this case plasma cannot be stable ex- 
cept for the case dN) >0. Now, 
dl 

B >? 
where m denotes the average density of the 
plasma in the flux tube of volume V, and ko 
is a positive constant. The condition dN) >0 
is reduced to 


o/s >—dno/No ; 


The average density ~ must be zero on the 
line of force CMD which forms the plasma 


No=M% V=Noko | (8.4) 


(8.5) 


boundary, and ao is positive inside CMD in 


the Heliotron B field. In order to examine 
the condition (8.5), we expand (4.14) and (4.16) 
putting 
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a=rté , (E/x)?<1, \ (8.6) 
B=Be—y, (7/Be)?<I, 

and we have 
Be=aleoterV &2+u? +e2&?) , (8.7) 


where a is a constant and @,é1, €2 and u 


are functions of Bo). We put 
dl " da 
=|—= = , 8.8 
Q te r = Q,+0: (8.8) 
where 
* dé ™—~ dae 
= Pp — , 8.9 
Q Le 0: \ lO 


and rt is a small positive constant which 
satisfies (c/z)?<0. In the vicinity of CMD we 
find that Qo is very large and Q, a constant 
value Qio. Denote the value of 8 on the line 
CMD by Boe, then if 8B) approaches to Poe we 
find that (see Appendix III) 


1 


Oe ele 7am gs ‘ Q-=const (8.10) 


and that the condition (8.5) is reduced to 
1 Ono Bo /\ i 
— —~> e tlog —————} . 
oe Re ae oa 
(8.11) 


If m is expressed by 


ny =n =ho /{Qo+ lox Tea} ko >0 
Oe” PO 


(8.12) 

The stability condition becomes 
1>m>0. (8.13) 
If the average density distribution satisfies 
the condition (8.11) the plasma is stable for 
interchange instability. But if the effect of 
diffusion gives finite gradient of m in the 
vicinity of CMD, the stability condition will 
not be satisfied and the interchange instabili- 
ty will occur. When the plasma temperature 
becomes sufficiently high the effect of diffu- 
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sion becomes weaker,.and we may expect 
that the rate of growth of instability is also 
very small. These questions must be clarifi- 
ed through the future experiments by the 
Heliotron B. 
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Appendix I 

In order to investigate the qualitative fea- 
ture of the axisynmmetric Heliotron field, 
first we approximate a part of the torus tube 
by a straight tube and then replace the 
magnetic field in the straight tube produced 
by the series of coil pairs (see Fig. 2.1) by 
the field produced by infinite rows of straight 
currents (see Fig. A.1). The vector potential 


Fig. A.1. 


of the magnetic field produced by these cur- 
rents is given by 


Axo = Aygo — 0 ; 
Aa Lol xe (x«+2va)?+(y+b)? 
Art y=-< (x+2va)?+(y—b)? 
_ bol cosh (z/a)( y+b)— cos (z/a)x 
An cosh (z/a)(y—b)— cos (x/a)x" 


(A.1) 
The equation of line of force is expressed by 
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7 7 7 
cos —=c h fe ee j ag), 37 pen ( } 
2 os a b cosh ; y—coth € sinh : b sinh We (A.2) 


where € is a parameter which designates the line of force. Using Eg. (A.2) we can draw 
Fig. 2.2 as the qualitative skech of the magnetic field made by the double coil series as 
shown in Fig. 2.1. In similar way we can calculate the vector potential of the double cur- 
rent rows as shown in Figs. A.2 and A.3 respectively: 


eA, =0 in, A= bol ine {cosh (z/a)( y+b)—cos (z/a)x {cosh (x/a)( y—d) — cos (x/a)x}* 
Ar {cosh (7/a)(y—b)—cos (xz/a)x cosh (z/a)(y+d)— cos (x/a)x}’ 


CASS) 


pen). A= Mol i {cosh (z/a)( y+b)—cos (x/a)x}{cosh (z/a)( y—d)-+ cos (z/a)x} 
An {cosh (7/a)( y—b)—cos (z/a)x cosh (z/a)( y+d)+ cos (x/a)x}> ’ 


A.4) 
These magnetic fields are shown graphically in Figs. 2.5 and 2.6. 


Appendix II 


Since S(z) in (3.5) is a periodic function of z, we have 
S(2)= 3 Sy= ¥ (c cos (vez)+d, sin (ve2)} , (A.5) 


where «, cy, dy are constants. Substituting (3.5) and (A.5) into (3.4) we have 


z OF, 1 OF F-S, 0G 
eS L_ 2 pa, =. ; 
= {e $551 me veF \+ = aa 0 (A.6) 


Since the above equation must be satisfied for arbitrary values of z, we have the following 
relation 


Oe OT reh cl Vin Goma py) te 144g OF 
a yeF = (A.7) 


The left-hand side of the above equation is a function of o alone and the right-hand side 0 
alone, and therefore both sides must be a constant, ? say. Thus we obtain the following 
two equations: 


OF 10F (wv, , ‘) 
ee F=0, A.8 
Oo 0 do Cress : eRe 
6? . 
~ TG =e (A.9) 


In is a positive integer, the general solution of Eq. (A.8) is expressed by 

F(o)= S {(Anlnv00)-+ BnKalveo)} , (A.10) 
and that of Eq. (A.9) is given by 

G(0)= > (Pn cos n6+Qn sin 26) . (A.11) 


n=0 


Substituting (A.5), (A.10) and (A.11) into (3.5) and adding simple particular solutions of Eq. 
(3.4), we obtain the solution (3.6). 


Appendix Iii 


Substituting (8.6) into (4.14) and expanding it we obtain 
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Baan re: +584 3 | | (A.12) 
where 
do=Belo(Be) , a1=11(B-)/To(Be) , \ (A.13) 
d2=(1/2)(1—ai/Be) « 


As the same way, from Eq. (4.16) we have 


e = pea, . (A.14) 
ue v? 
where 
p=eit/1—2e:€) , : 
wae + ea gk Tweed fle 
v=u?/{(1—g2)(1+a00)} , 
&o=1/(Zaie) , 
gai /{earsn(r+z ae )p | (A.16) 
0-8 )/form(teadae)} | 
and 
€=Boe—Bo° . (A.17) 


Boc is the value of B) of the line of force passing through the equilibrium point. Eliminat- 
ing 7 in (A.12) by using (A.14), we have (8.7), and where 


€o=P(ai—azp)—aw? , 


——— 


€1=(v/u)(a1—2a2p) ; (A.18) 
€2=(1/2)—azv?/u? . 
Putting in (8.9) 
aVeatts “ m=) (A.19) 
reduces to 
2 ug dx lien 
ax 
ner 7 x®+-(€1/e2)x +(e0/e2—u?) Vx — 2 4 —_ 
Q) is expressed by 
Qo= z : (Mot oz) , 
Ao€2k X1—NXe 
X1 XiUo—U 
== t = 
oe Va xe AP ee ia} ol 
C5 = ee [ eo ne VW te 
Vie—“4° (Uo—xX2)(X2—Uu)u : 
where x1 and x2 are the roots of the following equation: 
+(€:/e2)x+(eofe2—u2)=0 . (A.22) 


When € becomes very small, Q is approximately expressed by (8.10). 
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The interaction of microwave with gaseous plasmas is used to study 
weak shock waves in low pressure gases. In order to study by this me- 
thod shock waves of low Mach number, which are incapable of ionizing 
the gaseous medium in which they propagate, this medium is weakly 
preionized. 

In a tube of 5mm in diameter, condenser discharges are fired for the 
production of shock waves up to 200 joules, in a pressure range of 4-13 
mm Hg in Neon and Argon and with Mach number up to 5, and it is 
found that the measured electron density increase across the discontinuity 
is in the ratio of the gas density ratio. The electron temperature, 
deduced from the measured electron-ion collision frequency, is, aS ex- 

, pected, lower than the gas temperature estimated from the Mach number. 


§1. Introduction 


It is now known that shock waves may be 
produced, particularly in gases at relatively 
low pressure, by strong electrical condenser 
discharges. Fowler! first found that a shock 
wave was produced in T-shaped gas tube, in 
which a pulse discharge was fired between 
internal electrodes. More recently, measure- 
ments have been performed on shock waves 
and many papers reported results on optically 
and spectroscopically studied shock waves. 
Trials”. ® by microwave techniques have also 
been reported to measure parameter associa- 
ted with shocks. Schultz?) noticed that it 
would be possible but difficult to determine by 
microwave techniques both the electron den- 
sity and collision frequency in a plasma pro- 
duced by an ionizing shock wave. On the 
other hand, since generally a microwave signal, 
is highly attenuated”, when it propagates 
through plasmas produced in low pressure gas, 


in which the plasma frequency associated with 
the electron density reaches a critical value 
corresponding to the microwave frequency, ¢ 
the propagation method with such microwaves 
is restricted in its application. 

The impedance of a small plasma volume 
can be measured at higher densities, provided 
a condition® is satisfied. If the method re- 
ported here satisfies this condition, the range 
of measurements can be extended to electron 
densities higher than the critical value. In 
this experiment the transient impedance of a 
small plasma post is measured by modifica- 
tion® of the standard microwave method. 
Since this impedance is related to the electron 
density and the collision frequencies, time 
resolved photographs of microwave standing 
wave amplitudes can yield both the electron 
density and collision frequency in a transient 
non-recurrent plasma. By using these tech- 
niques, shock waves produced by electrical 
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discharges have been investigated. 

The method requires a minimum detectable 
electron density. When strong shocks are 
studied, this is provided by the ionizing shock 
waves themselves. However in order to study 
weak, that is non-ionizing shocks, a plasma 
with the appropriate electron density has to 
be provided by auxiliary pre-ionization, as used 
by der Agobian?). 


§2. Experimental apparatus and procedures 


The apparatus consists of a shock tube and 
a microwave circuit. The shock tube of 40 
cm. in length and 0.5 cm. in diameter is placed 
across two waveguides as shown in Fig. 1, 


“4mm 


FLAT WAVE GUIDE 


DETECTOR: 2 
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in which X-band low level microwave is pro- 
pagated. These waveguides may be placed 
at any desirable distance from one another; 
they are connected through a directional cou- 
pler to the same microwave source. In order 
to increase the resolution, at least one of these 
waveguides is tapered to a flat section, as 
seen in the upper left corner of Fig. 1. The 
first waveguide is terminated with a movable 
short. The probe detectors 1 and 2 are loca- 
ted in this waveguide, as seen in the figure 
in each side of the shock tube. The fraction 
of the microwave energy taken from the first 
waveguide through a directional coupler, pro- 
pagates in the second waveguide, and is detec- 


TRIGGERING PULSE 


DC 
POWER SOURCE 


i 


MATCHED 


TECTOR | 
DETECTS LOAD 


IN SLOTTED SECTION 


FIRST WAVE GUIDE 


peas, 


MIC ROWAVE 


MOVABLE DETECTOR 3 


SHORT PLATE 


d> -d| 


ROSS TYPE 


: 


G 


y 


Fig. 1. Diagram of the 


ted there by the probe detector 3. 

The shock waves are produced in the tube, 
filled with a gas at the desired pressure, by 
discharging between electrodes A and B an 
8 uF condenser charged up to 7KV. The 
ringing frequency of this circuit is 130 KC. 
The maximum stored energy and the discharge 
current are respectively 200 joules and 10! A. 
In order to reduce the ignition delay time, 
the condenser discharge path is very weakly 
ionized by a small DC current passing between 
the electrodes A and B through a high resis- 
tance shunting the gap switch. In order to 
provide the plasma in which the shock wave 
will propagate, a pulsed DC discharge pre- 


DIRECTIONAL 


SECOND WAVE GUIDE COUPLER 


LASS MUBE 


Wee HIGH VOLTAGE PULSE 


experimental apparatus. 


ionizes the gas between electrodes B and C. 
The shock wave is initiated in the course of 
the decay of this pre-ionization and timed in 
such a way as to reach the wave guide sec- 
tion at some easily detectable values of the 
electron density n and collision frequency y 
in the decaying plasma. Probes 1 and 2 detect 
the time varying standing wave that is estab- 
lished in the first waveguide by the movable 
short, modulated by the decaying plasma and 
further altered by the passage of the shock 
wave in the waveguide. Their signals are 
displayed on a dual trace oscilloscope. From 
the time varying amplitude of each of these 
signals, the momentaneous impedance of the 
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plasma post can be determined, which in turn 
yields the plasma parameters m and » in the 
absence as well as in the presence of the 
shock wave. 

The signals from detectors 3 and 1 or 2 
yield the time interval for the shock wave to 
propagate from the first to the second wave- 
guide and hence its local velocity. Since the 
discharge is non-recurrent, the displayed traces 
on the oscilloscope are recorded photographi- 
cally for analysis. Concurrently with the 
microwave observation, a photomultiplier is 
used for the detection of any discontinuity in 
the visible light intensity which is produced 
by propagating shock waves in the plasma 
afterglow. 

An evacuating system evacuates the tube 
down to pressure of 10-’mmHg. However 
an appreciable amount of impurities of metal 
vapor comes out of the electrodes during each 
condenser discharge. The effect of these im- 
purities can be observed either directly by the 
change in color of the plasma column or by 
the shortened decay of the repeated disinte- 
grating plasma. Running the recurrent pulsed 
discharge in the tube for a short time, how- 
ever, it is observed that the plasma decay and 
the color soon recover to its original condi- 
tion. Apparently most of the metallic impuri- 
ties from the electrodes are thought to depo- 
site on the electrodes and glass surfaces. 
Since it is inconvenient to replace the gas in 
the tube after each condenser discharge, 
several such discharges were shot in the same 
gas after the recovery of the above mention- 
ed original conditions. The situation is im- 
proved by the use of activated charcoal main- 
tained at low temperature in a side tube close 
to the electrodes A and B. 


§3. Principles of the Measurements 


The method is capable of yielding the velo- 
city of shock waves in plasmas and the varia- 
tion of background plasma parameters, ” and 
vy asa result of shock wave propagation. The 
velocity of the propagating shock wave de- 
creases as it proceeds along the tube. Hence 
one can speak about an average velocity over 
a length of propagation path and of a local 
or instantaneous velocity, if the path is short 
with respect to the total path. When the dis- 
tance d covered by the shock wave in time 
t takes the form d=#*, the local velocity 


Microwave Study of Non-ionizing Shock Waves 


1397 


V:= B (d/t)=8 x (mean velocity)= 8. When the: 
time for a wave to reach the distances d, and 
dz respectively are measured to be f: and te, 
8 is determined from 
_ log de/d: 
log te/ th ; 

and v is proportional to d‘*-»/8, 

For the reason mentioned above, the initial 
conditions of the discharge can not be repro- 
duced exactly. These are isolated (one shot. 
transients repeated at a few seconds inter- 
vals. Hence the usual microwave techniques. 
applicable to study the phenomena occurring: 
regularly at high repetition rate are here in- 
applicable. In particular, the standard tech- 
niques to find the plasma impedance from the 
shift of the minimum position and the ratio 
of a standing wave produced in the wave- 
guide by a recurrent plasma cannot be used! 
here. Thus the modified method to measure 
the transient plasma impedance under the 
conditions of these experiments has been used. 

The principle of the method is the two pro- 
be observation of an existing wave pattern 
modified by the changing parameters of a 
gaseous plasma post located in a certain posi- 
tion in the waveguide. To analyze the change 
in the standing wave pattern, these two pro- 
bes, 1 and 2, are positioned on each side of 
the plasma post. The one in the input side: 
of the post is placed at a minimum position 
of the standing wave pattern in the absence: 
of the plasma. The other is placed prefer- 
ably at a maximum of the standing wave. 
pattern. The introduction of a plasma and 
change of its parameters shift the standing 
wave pattern. From the change in the signal 
amplitudes of probes 1 and 2, displaced simul-. 
taneously on the oscilloscope, the impedance. 
of the plasma post is obtained. This imped- 
ance then yields the plasma parameters m and 
vy. The method, contrary to the other micro- 
wave propagation methods, is not strictly 
limited in measuring electron densities up 
to that value which corresponds to the plasma 
frequency, provided that the electron density 
along the tube axis is uniform. Although it 
is not strictly the case, in these experiments, 
in view of the small height of the plasma 
involved in the flat waveguide (4mm.) this. 
assumption appears to be approximately justi- 
fied. 

At this point, attention should be drawn to 
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the following. The amplitude of the signal 
without plasma, at the minimum of the stand- 
ing wave is 0.005 of the amplitude at the 
maximum of the standing wave. The exist- 
ence of the detectable signal at the standing 
wave minimum is due to various losses in the 
microwave circuit. A large fraction of this 
loss is due to the energy leaking from the 
waveguide through the hole, accomodating the 
glass tube. The total microwave energy loss 
in the presence of the plasma obviously in- 
cludes the energy radiated through the _hole- 
increases and is a function of the plasma 
parameters 7 and v. In view of the lack of 
precise knowledge of this enhanced radiated 
energy loss, which occurs for some large 
values of the electron density the method at 
present time is restricted in its application 
for values of the electron density smaller than 
this value. This fact also limits the range in 
which the electron collision frequency can be 
determined. 


$4. Compressing and Heating Processes by 
Shock Waves 


The ratio of the pressure pz and gas den- 
sity o2 behind the shock front to pi and 1 in 
the undisturbed region before the shock front 
are known from the thermodynamical theory,” 


27M?—(7—-1) 
p2/pi= rt+1 9 

= MA) 
ble 1) ta i 


where WM is the Mach number, or the ratio of 
the propagation velocity of the shock wave to 
the sound velocity in the undisturbed medium, 
and yr is the ratio of the specific heats. From 
the relation between gas temperature, pressure 
and density T'~p/o, the ratio T2/T: of the gas 
temperature behind and before the shock wave 
is written as 
SG Ae eSO ier Mee ei) 

RS Ce) (ae (3) 

The undisturbed region referred to above 
in this experiment is the decaying gaseous 
plasma. In view of its low degree of ioniza- 
tion and low ion temperature the medium is 
unaltered for sound wave propagation. Hence 
the above relation apply. When the medium 
which is the mixture of three gases, the elect- 
ron, ion and neutral gases, is compressed by 
a propagating weak (non-ionizing) shock dis- 


TAKEDA (Vol. 16, 
continuity, it may be assumed that any con- 
stituents of this mixture are compressed in 
the same ratio, that is 2/7:1~p2/0:, where m 
and m refer to the electron density in the 
undisturbed plasma and behind the shock front 
respectively .* 

This is so, if during the short time compres- 
sion, the electron and ion losses are negligi- 
ble. The theoretical value of the rare gas 
density and temperature ratio m2/m: and 72/7, 
where 7=1.67, are plotted as functions of the 
Mach No. M in Figs. 5 and 7. 

It is well knowrt that in electrical discharges 
in gases, the electron temperature 7., is ge- 
nerally higher than the ion temperature Ti, 
which is nearly equal or somewhat higher 
than the gas temperature 7,. However, in 
an already weakly ionized gas, the passage 
of a weak shock wave heats the neutral atom 
and the ion gases more efficiently than the 
electrons. As a result, 


eles or Ti (4) 


The time rate of the electron temperature 
increase in this case is described by the 
following equation, 

dTame 

Hoey 


The symbols te: and ten represent respecti- 
vely the characteristic times for equipartition 
of the temperature between ions and electrons 
and atoms and electrons, K is a coefficient 
due to thermal conduction. Then Eq. (5) and 
the relation 72/71~ 2/0: show that when the 
plasma is heated by the shock wave, the elect- 
ron density immediately follows the gas den- 
sity increase, while the electron temperature 
reaches its maximum value with some delay. 


Che ayy rs 


et Ten 


§5. Experimental Results 


At first the shock propagation velocity was 
measured by using the probes 2 and 3. The 
lower trace in Fig. 2 shows the signal from 
the first waveguide. There are two notice- 


* Strictly speaking, the ion gas density is first 
increased by the propagating shock in view of the 
large collision cross section for momentum transfer 
of the heavy particles involved, and then, as a 
consequence of the resulting space charge in the 
plasma, the increasing electron density follows in 
a time interval (during a few plasma oscillations), 
which is short with respect to the shock propaga- 
tion time scale. 
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able discontinuities in each trace: the first one, 
pointed by (a), is due to the shock wave, the 
second one (b) is thought to correspond to the 
plasma expanding from the condenser dis- 
charge region. Without pre-ionization, (a) 
disappears, because the relatively weak shock 
wave does not produce enough electrons to be 
detected by the microwave method described 
here. The discontinuity (b) in the microwave 
signals, resulting from the interaction of the 
wave with the electrons in the expanding 
plasma, which appear clealy even without any 
pre-ionization, decays rapidly over the distance 
from its origin; and so does its velocity. 


, 50 » sec @ 


Fig. 2. Microwave signal amplitudes h, and hz 
versus time from the first and second wave- 
guids, 50 » sec/division, Ne, p=5.8mmHg, 5K.V. 
8 pF. 


For the arrival time f: and tz of the peak 
(a) at the first and the second wave guide and 
for distances di=23.5cm and d:=29.5cm, a 
value of the exponent $ in Eq. (1) was found 
to be 0.47+-0.02 in Neon gas. The pressure 
and the condenser voltage ranged respectively 
between 4-13 mm Hg and 3-7 KV. The local 
shock velocity (Mach No.) at the level of the 
waveguide then can be easily calculated from 
the measured mean velocity (d:/t:) and f. 

The plasma background for weak shock 
wave propagation studies by microwaves is 
also useful in another way. Indeed the decay- 
ing plasma gives rise to an afterglow which 
can be observed by means of a photomultiplier 
at any position along the tube, and in parti- 
cular in the waveguide. In the course of the 
shock propagation in the plasma, the afterglow 
must also be altered. Hence optical observa- 
tions on the afterglow, correlated with micro- 
wave measurements, provides an additional 
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mean of investigation in these studies, as 
illustrated in Fig. 3. However, when the con- 
denser discharge giving rise to the shock wave 
is produced between electrodes A and B in 
Fig. 1, a small discharge current is also flow- 
ing simultaneously between electrodes B and 
C. This stray current enhances the pre-ioni- 
zation. The associated afterglow is shown in 
Fig. 3 (trace (II)). For very intense condenser 
discharge, the intensity of this visible en- 
hanced afterglow may be such that the dis- 
continuity in this light intensity, produced by 
the propagating weak shock wave illustrated 
by (a) in Fig. 3 is difficult to observe. 


Fig. 3. with pre- 
ionization; (II): 
pre-ionization. 
Hg, OIKGVie 8 uF. 


units. 


Light signals versus time. (I): 
with condenser discharge and 
20 . sec/division, Ne, p=4.5mm 


Light intensity in arbitrary 


The visible afterglow is generally attributed 
to recombination of electrons and positive ions 
in decaying plasmas. The discontinuity in 
the visible light of this afterglow, at any one 
time and space position in the shock tube, 
may provably be attributed to the alteration 
of the recombination procedure by the weak 
shock discontinuity. It is known that the 
light intensity of recombination, which is 
proportional to the number densities of the 
recombining charge and the recombination 
coefficient is dependent upon the relative velo- 
cities (temperatures) of these charges. Hence 
a sudden variation either in the densities of 
the recombining charges and or in their tem- 
perature should bring about a change in the 
visible light intensity. However, the effects 
on the light intensity of the change in densi- 
ties are opposite to those of the change in 
temperatures, because the recombination co- 
efficient decreases with increasing tempera- 
tures. As a result of these compensating 
effects, the discontinuity in the visible after- 
glow, due to shock waves, may be small. The 
enhanced visible intensity in the afterglow, 
indicated by (b) in Fig. 3, is again thought 
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to be related to the expanding plasma follow- 
ing the shock discontinuity. The light signals 
(a) and (b) in this figure, obtained from the 
first waveguide, correspond to the microwave 
signals (a) and (b) in Fig. 2, observed in this 
same wave guide. 


(A): 


ad 


(B): Ne, p=7.6mmHg, 4.5K.V. 8yF. 


Fig. 4. Microwave Signal amplitudes h, and hz 
versus time in the shock wave experiments, 
20 w sec/division, 8 »F 
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measured electron density ratio n/n}. 
4~13mm Hg. 
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Next, the electron density mz: and m: across 
the shock front was calculated from the photo- 
graphically recorded traces of the two micro- 
wave signals detected by the two probes 1 and 
2. Figs. 4(A) and (B) show examples of two 
signal f: and fz. The ratio of the electron 
densities m2/m: is calculated and plotted versus 
Mach No. in Fig. 5 (crosses). For comparision, 
the theoretically predicted ratio of gas densi- 
ty o:/o: as a function of Mach No. is also 
shown in the figure (solid line). It is apparent 
that the variation of the ratio of electron 
densities across the shock discontinuity as a 
function of shock velocity follows quite closely 
that of the gas densities. It appears there- 
fore reasonable to assume that the electron 
density increase, due to weak shock wave pro- 
pagating in such plasmas, is a consequence 
of the compression of the weakly ionized gas. 
The possible discrepancy in the range of small 
Mach No. (1~2) is likely due to the duration 
of the compression, which is then comparable 
to (or longer than) the characteristic time for 
recombination and/or diffusion losses of elect- 
rons. In the plasma considered, since the 
electron-atom collision frequence ven for mo- 
mentum transfer is negligibly smaller than 
the electron-ion collision frequency v-:i in the 
temperature range involved, the electron tem- 
perature is obtained from the electron tem- 
perature dependence, vei/n~T.-*/2. 


20 #sec 


SSE: 


Fig. 6. (A) Microwave signal amplitudes h, and 
h2—h, versus time. 20, sec/division, Argon, 
p=12.4mm Hg, 5K.V. 8uF. 


From the recorded typical microwave probe 
signals, illustrated in Fig. 6(A), the variation 
of the electron density and the electron tem- 
perature of the plasma, in the presence of a pro- 
pagating shock wave, is computed and plotted 
in Fig. 6(B). Another example of such electron 
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density and electron temperature variation, 


edue to weak shock waves propagated in plas- 
‘mas under different conditions, is seen in 
It is seen on these figures that 
ithe electron temperature does not reach its 


Fig. 6(C). 
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Fig. 6. (B) Changes in the electron density and 
the electron temperature versus time, computed 
from Fig. 6 (A). 
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WFig. 6. (C) Same as Fig. 6 (B), but for p=7.6 
mm Hg, 4.5K.V. 8 pF. 
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maximum at the same time as the electron 
density does. As discussed above, since the 
energy transfer from the propagating shock 
wave is very efficient only to the ions, the 
electron gas should be heated by the warm 
gas of the ions. This process, however, pro- 
ceeds with a rather long time constant tz; 
hence a delay in the temperature rise of the 
electron gas. This delay is obviously shorter 
for shocks of higher Mach No. These obser- 
vations appear to justify our assumption in 
Eq. (5). Although no delay is expected in the 
electron density rise due to compression, there 
is some observed. The observed rate of elect- 
ron density increase may depend upon the 
shape of the shock discontinuity and the length 
of the shock tube comprised in the wave- 
guide, which in these experiments was 4mm. 
Fig. 7 compares the theoretical neutral gas 
temperature behind the shock front (upper 
line), calculated from the measured Mach No. 
by Eq. (3), to the measured corresponding 
electron temperature, where both temperatures 
are normalized to 300°K. 

The shock velocity (Mach No.) increases with 
decreasing gas pressure at constant condenser 
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© Tez at shock front 
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| 2 3 4 5 6 
M 
Fig. 7. Comparison of the neutral gas tempera- 
ture, calculated from the Mach. no., to the 


electron temperature behind the shock, where 
both temperatures are normalized to 300°K. 
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voltage and at constant gas pressure but in- 
creasing condenser voltage. It is observed 
that in addition to an enhanced shock velo- 
city, in particular at lower gas pressures, the 
time separation of the discontinuities (a) and 
(b) (Fig. 6 (A)) of the probe detected micro- 
wave signals is shortened. This indicates an 
increased velocity of the expanding initially 
highly ionized gas. 


§6. Summary and Conclusion 


The method described above, which is based 
on the known interaction of low level micro- 
waves with free electrons in weakly ionized 
low pressure gases at relatively low tempera- 
tures, proved to be a convenient one for the 
study on non-ionizing shock waves. The main 
shock characteristics, which are accessible to 
direct determination, are the instaneous and 
average velocities of shock discontinuities 
which are propagated in low pressure and low 
temperature (~300°K) weakly ionized gases. 
Associated with the change in shock propaga- 
tion velocities, the exchange between the pro- 
pagating shock discontinuities and the ionized 
gaseous medium is studied in some detail 
through the intermediary of the electron gas. 
Indeed, as known from previous plasma 
studies, the electron gas of the plasma inter- 
acts strongly with both the charged (and the 
neutral) heavy particles of the background 
plasma, with which the propagating shock 
wave exchange energy with great efficiency. 

In addition to the electro-magnetic behavior, 
the optical properties of the background 
plasma are also put to contribution in these 
studies. Since these latter properties are also 
essentially dependent upon the energy state 
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(or temperature) of the. electron gas in the 
plasma, any change of the energy state of 
the electrons brought about-in particular, by 
the propagating shock waves-provides us with. 
independent but complementary means of ob- 
servation and information, which are directly 
correlated with the microwave measurements. 

While the microwave measurements des-. 
cribed in this paper are relative to X-band. 
(-9000 MC) frequencies, the method is not 
limited to this frequency band; higher or 
lower microwave frequencies could be used. 
in principle. The best appropriate microwave 
frequencies for these studies can generally 
be determined by geometrical considerations. 
Similarly the background gases to be used for 
weak shock wave propagation studies, their 
pressure and degree of ionization, are not 
limited to the cases reported here. 
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The scattering of a microwave, which is fed by an oscillating electric 
dipole, is treated in the Born approximation. When the source is a dipole 
poerte,, Where e, is a unit vector in the z direction, the scattered field 
from a collisionless cylindrical plasma is given by 


Palaaerg er we aa i 60! )To{ 2kp’ sin e/a ee , 
where (l,x,0) and (0, 6,0) are the cylindrical coordinates of the source 
and the observing point, respectively, 7(0’) is w,2/w2 with the plasma 
frequency w, and here only the term lowest in 1/kl and 1/ko is retained. 
Formulas are also derived to the next order in 1/kl and 1/ko, when the 
plasma has collision loss and the dipole source has the axis in any one of 
the three independent directions. Remarks and discussions are given on 
the nature and the accuracy of the formulas. Finally the cases, where 
the observing point does not lie on the plane z=0, are treated in the 


Er, t)=poy/ 


lowest order in 1/kl and 1/ko. 


$1. 

In a previous paper”, the scattering of a 
plane microwave from a cylindrical plasma 
was discussed in the Born approximation”, 
hereafter the paper is refered as Paper I. 
But, being radiated from an electromagnetic 
horn in real experiments”), the incident wave 
has rather a spherical character. Since there 
is an essential difference between a plane 
wave and a spherical wave, it would be desir- 
able to treat also the scattering of an incident 
wave of the latter type. 

In paper I, two methods were given for 
deriving the scattering formula for a plane 
incident wave in the Born approximation. 
One of them consists of deriving a wave 
equation for a medium with an effective di- 
electric constant, separating it into equations 
for the incident wave of E-type and for that 
of H-type, and solving them by means of the 
Fourier transforms. But unless the incident 
wave is uniform along the axis of the cylin- 
drical plasma, the separation into equations 
of E-type and H-type cannot be effected and 
this method cannot be applied. In the other 
method, the scattered field is obtained by 
summing all radiations from electrons in the 
plasma, which are forced to oscillate by the 
electric field of the incident wave. This 
method can be applied to spherical waves, 
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too, and has an advantage of elucidating the 
mechanism of the scattering. 

Our method has a resemblance to that in 
the theory of the Rayleigh scattering”, which 
was developed for the purpose of discussing 
the scattering of light by the sky. It is also 
akin to the method which is used to deal with 
the scattering of microwaves by a small con- 
ducting object. The latter consists of the 
evaluation of the current density in the ob- 
ject induced by the incident wave and the 
summation of the radiation from the current 
distribution. But it seems that no one has 
yet derived a compact formula of the scattered 
wave from an object with a finite dimension 
in this method. 

In this paper, we treat the scattering of an 
electric dipole radiation by a_ cylindrical 
plasma. In section 2, an outline of our 
method of calculation is given. Section 3 
deals with the scattered field at a point on 
such a plane, which contains the source point 
and is perpendicular to the axis of the 
cylinder. Subsection 3.1 treats the case where 
the source is an oscillating electric dipole 
with a moment parallel to the axis of the 
cylinder, demonstrating our method in some 
detail. Subsections 3.2 and 3.3 treat the 
cases where the axes of the dipole sources 
are perpendicular to the axis of the cylinder 
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and each other. Section 4 gives some remarks electric dipole po(¢), the electric field produced: 
concerning our formulas. In section 5 the by it at another point Q, whose coordinates 
accuracy of our formulas is discussed. Sec- are r(x’, y’, 2’) or (0’, 0’, 2’), is given by*’ 
tion 6 deals with the scattered field when the 
observing point is arbitrary except that it lies 
at a great distance from the cylinder. Sub- 
sections 6.1 and 6.2 are devoted to the deriva- 
tion of the formulas for the sources treated 
in the first part. 


§2. Method of Calculation 


We take a coordinate system such that the 
z-axis coincides with the axis of the cylindri- 
cal plasma and the source of the incident 
wave lies at a point S on the negative x-axis. 
We assume that the distance / between S and 
the origin is very large compared with the 
radius ~ of the cylinder. We shall use also 
the cylindrical coordinate system (p, 0, z) with 
the same z-axis in which the line 6=0 coin- 
cides with the x-axis. (Fig. 1) 

When the source at S is an oscillating 


Eq(, )= Bir’, + Bir’, N+ By", 8), (2.1) 
with 
A (2.2) 
By’, = 4 SAB (2.3) 
Balls ones tea ea (2.4) 


where f: is the vector from S to Q, Ri=|R:l|, c is the light speed and 


Ri , 0 R, . oO? Ri : 
— if ease — — = one Ee 2.5 ) 
po=pr( F ) ; P= at p(t =) F P= ve Po (¢ ) 3 (2.5) 


Let us consider the motion of an electron under the influence of the electric field of the 
incident wave. We neglect the thermal motion of the electron and let the electron oscillate 
about the point Q. We consider the case where there is a uniform static external magnetic 
field By) parallel to the z-axis and no external electric field exists. Further we assume that 
the amplitude of the oscillation of the electron is much smaller than the wave length of the 


incident wave. Then the equation of motion for the electron with the coordinate denoted by 
r is given by 


ar e dr ar 
m—=—eFk(r’, t) -— —x By—my— 2.6 

dt? YF oll pan aie nk” ape ei) 
where m, —e, and » is the mass, charge and the collision frequency of an electron respec- 
tively. If po(¢) is proportional to e, E,(r’, t) has the same property. Then, on assuming 
that r—r’ is also proportional to e', the equation (2.6) is easily solved and the dipole mo- 
ment p(t) due to this electron is obtained as 
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: L g-3Mind 
()=—-£ iM ? 
‘ mor\ 4 L 0 |. Bo(r’, t) , (2.7) 
0 0 N 
where 
1—4p 
Eee dja? AiR 2.8) 


with B=»/, T=00/0 and we is the electron cyclotron frequency, @e=e| Bol/me. 
When p(?) is obtained, the scattered electric field at a point P due to this electron is given. 
by an expression similar to (2.1) 


(Er, a= (Bs(r, t))q+(Es(r, Net Er, ta, (2.9) 
where 
(Bir, )y=— Be 4 AP (2.10) 
(BE; (r, t))g= a RT ; (2.11) 
(Ein )g=— Be 4 SPB (2.12) 


Here we have denoted by R the vector from Q to P, whose coordinates are r(x, y, 2) or 
(0, 0,z), R=|R| and p, p, p are given by expressions similar to (2.5): 


R seal, R re OE R 
=p| t — — = ¢t—-— = 
Pp ( sil p al we p wert ae (2.13) 


The total scattered field observed at P is evaluated by summing the contributions of alk 
electrons in the plasma. 


Eur, »=| wa lee odie 


2 
= \\| (0 \E(r, t) edz’ db’ o’do’ , (2.14) 


where n(r’) is the number density of electrons, which is assumed to be independent of 2’ 
and 6’, 7(0’)=,*/w? with the plasma frequency wp (=(47e?n(o’)/m)/?) and the integration: 
should be carried out over the entire space. 

The integral is very complicated in general. But since our object is to get the formulas. 
only for very large k/ and kp, where k=wo/c is the wave number of the incident wave, we. 
need only the asymptotic expressions of these integrals for such cases. This enables us to: 
perform the integration with respect to z’ and @’ analytically, and we get the final result. 
in the form of an expansion with respect to 1/k/, 1/ko and 1/kUZ+ 9). 

When &/>1, it is clear from their expressions that E)(r’,¢) is smaller than &)\(r’, t) by 
one order in 1/kl, and that £,°(r’,f) is in turn smaller than E,(r’,f) by one order. 
Similarly when ko is very large, (2;(r, t))qg and (Bsr, t))q are smaller than (E5'(r, ¢))a by 
one and two orders with respect to 1/ko, respectively. Therefore, if we wish to have the: 
dominant term of the scattered field, we need only to retain &y'(7’, ¢) in (2.1), (Bs(r, t))a 
in (2.10) and the leading term of the asymptotic expansion of the integral with respect to: 
z’. If we wish to get the terms of next order, we need to consider each case separately 
where the terms of next order are taken in only one of three steps of the procedure 
mensioned above, and to add up their contributions, and so on. This procedure shows us 
very clearly the origin of each term in the final result. 
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§3. The Scattered Field at a Point with z=0. 

In this section we derive formulas for’ the scattered field at a point with z=0. Since this 
case would be most important for real experiments, we derive the leading terms and the 
terms of next order in 1/k/ and 1/ko. 

3.1. An electric dipole source with a moment parallel to the z-axis. 

Let us first put an electric dipole of the following type at S. 


Po(t) = poe*ez , F (3.1) 


where f is a constant and e, is the unit vector in the z-direction. The field of the incident 
wave at Q is given by (2.1). The dominant term £,")(r’, ¢) is written explicitly as 


1 


R [—(U+2')2’ee— yz’ €y + Ei’ ez] , (3.2) 
1 


E,\(r’, t) =k? po exp [ j(@t —RR1)] 


where 
Rie =O ex.) Gye ete e 2 \ 


E2=[-+219 cos0+p% , oe 


and ez and ey are the unit vectors in x and y directions respectively. Here again we can 
handle the contributions from the x, y and z components of E,)'(r’, t) separately. It will be 
shown later that the dominant term of the scattered field comes from the z-component of 
E,(r’, t), which we denote by E27’, t). Eoz(r’,t), the x-component of E,'(r’, t), gives 
a contribution smaller than E{)(r’, t) by one order in 1/k/, and E$}(r’, 2) gives that smaller 
than E(r, t) by two order. Therefore, we need to consider only E{)(7r’,t) and EM(7’, t) of 
the three components of E,'?(r’,f) for our purpose. Similarly E)'?(r’, t) is given by 


i 
ihe 


Ey (r, t)= —jkpo exp [j(@t —kR1)]—[—30 + x’ 2’ e2—3y' 2’ ey + (Ri2—322)ez] , (3.4) 


of which we need to retain E??(r, ¢) only. 


(a) The dominant term 
At first we derive the dominant term. Inserting the expression for E\)(r, t) into (2.7), 

we get 

e 

mo? 


pt)=——2—#pN exp Lilwt—kR)} Se. (3.5) 


‘Then (2.10) gives 


e2 
mw? 


k*poN exp [ jot—kR:—kR) <2 {Etec + (x—1')e' eo t(y—y)e’ey} , (3.6) 


(E(r, t))qg=— R2R? 


~where 


Des eit Ran May a Aeeeeel 2i8hs 
\ (3.7) 


2—=p*—200’ cos (0—0’)+ 0” . 


The total scattered field at P is given by (2.14). The x and y components vanish in the 
course of the integration with respect to z’, and we have 


1 rs / vA 7 am FA ve 
Ex(r, t)= eisai | N7(0’)edo K dv Ev E | exp [—jk(Ri+R)]dz’e. . (3.8) 


uf 
—oco ReR? 
Here we need the asymptotic expression of this integral for large kJ and kp. From (3.3) 
and (3.7) this means that we need the asymptotic expansion for the case where kR&:>1 and 
kE>1. This expansion is accomplished in Appendix A with the result, 
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pied 
i Ripe XP L-JMRi+ R)] de’ 


5 V2 ie We 1 foot 1 
BEV IEEE TH P| HEF]. —F5] SETH he el 
i 1 1 
+0 
Gem REE meets ; (3.9) 
When we demand the dominant term, only the leading term of (3.9) is needed and & and 


= can be replaced by / and 9, respectively, except in the argument of the exponential func- 
tion, where these should be replaced by the first and second terms in their expansions: 


&.=Il+ 0’ cos + F sin? 6’/+.-.- 


? 


ee (3.10) 
E=p—p' cos (6-8) +—— sin? (@ 0) easy 
r 


Inserting these expressions into (3.8), we get the dominant term as follows. 


1 
2V/ on 


oo 2x 
x N70’) 0’ dp’ | exp | 2iko sin + sin (a ao +) fare: 
0 0 


j(@t—kl—kp) 


Eso(r, t)= 


el pe aa = é@ 


4 


GE ajith aD jl@t—kl—kp) \ ; ( yrsise lla Foee 
bo V kipl+p) - _ Nao )Sol 2ko’ sin )o'doves. (3.11) 


Here Jx(x) is the Bessel function of mth order, and we have used the formula 


le E5489 Cos NOd0=277j" Jn(a) , (3.12) 
(b) Terms of the next order 

The terms of the next order consist of the following contributions: 

1) the next order terms of equation (3.8), 

2) the terms which come from E{(r’, t) and (Es(r, t))a, 

3) the terms which come from £®(r’, t) and (Es'(r, t))a, 

4) the terms which come from E@(7’, t) and (Bs'"(r, t))o. 

In the latter three contributions, only the leading terms need to be retained. 

When we insert (3.9) and (3.10) into (3.8), expand it, retain only the terms of next order 
in 1/kl and 1/ko and perform the integration with respect to 0’, we get 


1 1 | 
s oF SS AY iY a ee OD) 
Belt, Ut Earl) aoe! PT hip(+ 0) 
© 2a A files 0 . 7 0 Ps 
‘A Naked \° exp [zito’ sin F-sin(a - >) feo 
9 0 


, 7 | /\2 
Ss ilge cos 6” — LAO Y sin? +3 | 


2 


Lfivan-ton(e—2) 1s] 
+ itp | ee sin 9 sin 9 3 J 
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== eo a, le 
CU a j(wt—kl—kp) be ’\ 0d. { 2k’ sin) 


0 
4 3 Ue a ae 2k? 0’? cos nid 2ko’ sin sy) t2ke" { 2ho’ sin zai 


8 Rl 

ea) Mee ti) igs eo ( joke >) | 

oe aoe ae £2 f(D Cae (3.13) 
+ 3 qj Kl ( 15,fo( 2k sin 3 )+ Bho sin 9 o’ sin 9 


where we have used (3.12). The first term of this expression is the dominant term derived 
in the last sub-section and the other terms are the contributions of the first type mensioned 
above. 

In dealing with the contribution of the second type, we can replace /+x’ by / in E{(r, t): 


Iz’ 


EQ t= — PhP Exp [ot RRs) : (3.14): 
1 
Then from (2.7) and (2.10) we get 
wt)=—* aes exp [j(ot kROVE (Lee jMey,) , (3.15) 
(Bir, Do=—5— kp exp [j(wt—hRi—kR)] pe a {a(Lx—jMy)ee +1L(R?— 2") + JMay ez 
—[jMR?—y*)+Lxyley} , (3.16) 


where we have used the fact that when only the leading terms are desired, we can replace 
x—x’ and y—y’ by x and y, respectively. The x and y components vanish in the course of 
the integration with respect to 2’. Here we need the asymptotic expression of the follow- 
ing integral, which is easily obtained from the formula in Appendix A. 


co 72 
| Pape xP [— JM Ri + Bde’ 
—oo af 


co 2 
=|" is ape exp [— ~jRR:+R)\dz’ 


V on 
mae EV REE(EL +E) rare 


xp| — imE+€) = =| : (3.17) 
Thus we have the following contribution. 


EI(et— kl—kp) 


Tl kt 
E® t (8/4) 70j ewe I ee 
we bu 5 SW Rao) 


j i: (L cos 6—jM sin 6)7(0’) (2k! sin 5 )Pdo'e. (3.18) 
0 


- i 
R(+ 9) 


Similarly the contributions of the third and the fourth type are obtained as follows. 
EDC, = —boy/ F eso F— etoratrol 3 (" Nala f(2ho’ sin \o'do'er. @.19) 
: 2 V Rip(l+o) ko” So ok Cote eo 


ki ilies (ee sa ti 
E® eS LE OP i) EE ep esr) / / TOON oy 7 
und) bu ee Vea “a i He MA ES e AEE" 


(c) The total result 


The scattered field at P due to the cylindrical plasma is the sum of expressions (3.13), 
(3.18), (3.19) and (3.20). 
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= 0 e ; Latah Nene: 
Es(r, t) pry/o J e(3/4)aj an Ea (kl af | Ny(0 \Jo( 2k sin )o do 
fh fed , Pee: 
8 i i iy es ie Nx(0 )| 1 2kep > COS O) fo 2h’ sin =) 


42h”? (2h Sif +) fora 


1 1 
rl LG es Kee cos 6—jM sin 8)—15N )(0’) Jo (2ko" sin) 
+8N7(0 ko’ sin i( 2ko" sin ai (dpe eae he. ! (3.21) 


This expression is symmetric in / and p, as expected from the symmetry of our problem. 


3.2. The dipole source parallel to the y-axis 
Next, we consider an electric dipole source with a moment parallel to the y-axis. 


Dol t)=po'e?*"ey . (3.22) 
Then the electric field of the incident wave is given by 


Bor’, =F", 2) + BoP’, t)+ Boa, ft) , (3.23) 
with 


Ey'(1r’, th=k*p’ exp [j(wt—RR:)] = LU xe, + (Ri? — 9 *)e, =z ye] , 
1 
(3.24): 


E)(r’, t)=—jkp’ exp [j(ot— ARI [—30+x’)y’ezt+(R2—3y)ey—32’ y’ex] . 


E,(r, t) is smaller than F)'?(r’, t) by one order in 1/k/ and is negligible. Here the dominant 
contribution comes from £{)(7’,t). In the following the calculation proceeds much the same 
way as that in the last section with a little more tedious labor. Here we give only the final 
result. 


E,v’, t)=bi Rated a eo {|e cos 0—jM sin 079’) Jol 2h0 sin->-)o’do’es 


+ \ n(o')0'do’t( see gyi 20" sin )\L sin 0+jM cos @) 


ee cos STi 2k sin ae cos 0—7M sin Ohen 


a 
- ie o')0'do'\=(75 os ; [z oecig inte a7 Ji( 2ho! in a) 
0 8\kl ko 2 


sehen: Oe ( —cos @ Je (2ko! sin pe) is Jo( 2ke sin))) 


+(L sin 0+7M cos 0)8kp’ cos shi( ake sins) 


il il : F : aa, ean AED pre ' 
wie Locos 6—jM sin ald (2k sin) +8kp sin 5 hi( 2k sin— ))$eot+--- +, (3.25) 
nein d : 2 2 2 

where e, and eo are the unit vectors of the directions of o and @ respectively. 
3.3. The dipole source parallel to the x-axis 

When an electric dipole parallel to the x-axis is placed at S, the leading term of the scat- 
tered field corresponds to the terms of the next order terms for the dipole source parallel to 
other axis. Thus we need only the lowest terms in 1/k/ and 1/kp, and the analysis is very 
simple compared with other two cases. Here again we give the final result only. 
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polt)=p"eh"er , (3.26). 
E.(r, t)= pe gialernt FA ates tie |, no’ Jo 2h sin )o’do’ 
2 V Rlo(l+ ) 0 2 
See yf i {Ne» gi “FL sin 9+ jMcos 0)ed +. : (3.27) 


$4. Remarks 
In this section we give some remarks concerning our formulas. The dominant terms of 
the electric fields of the incident waves at the origin are 


E,(0, t)=Fo2(0, t)ez , 
where 5 


ExdO, =k Pep See (4.1) 


for the dipole source parallel to the z-axis and 


E,(0, t)=Eoy(0, they ? 


where 


Evo(0, 1) =kpe' = exp [j(ot—AD) , (4.2) 


for the dipole parallel to the y-axis. Thus the dominant terms of the scattered field at P are 
given by 


Es(r, day = gifs E,A0, 0) i, oitwt—K) |" #0) Jo( 2h sin )e’do’es, (4.3) 


ARH /1) 


for the dipole source parallel to the z-axis and 


Eso(r, t Ne) Eo,(0, 0 
or, )=y/ Ze ARSC pp Bod. 0 
x 1 _ pito:-r0) \ k?(L cos @—7M sin 0)7(0’) Jo( 2h sin )e’do'es 5 (4.4) 
V ko 0 2 


for the dipole parallel to the y-axis, respectively. These expressions show us that, when 
I>, these scattered fields tend to those for the plane incident waves of the respective type, 
which were derived in Paper I. On the other hand, if o>/, these scattered fields are pro- 
portional to (ke)-1 exp [j(w@t—ko)], which is the characteristic factor of the spherical wave, as 
should be. 

Since the expression (4.3) for the dominant term depends only on the field intensity at the 
origin, it seems to be valid for more general types of sources than a dipole. In fact we 
shall show in Appendix C that it is valid independently of the details of the angular distribu- 
tion of the incident wave, provided that its intensity at the origin is given by (4.1) and some 
weak conditions are satisfied. Similarly the expression (4.4) is also valid for any incident 
wave under similar conditions as above. Thus they may be applied to real experiments, too, 
where horns are used as the source of the incident wave. 

In Paper I, it was shown that for some special types of the density distributions of the 
plasma, the integration in the scattering formulas can be performed analytically. For the 
distributions mensioned there, the integrations of our formulas are also performed analy- 
tically. For example, let us take the density distribution of J) type); 


0/0 al 0 f 0 
“ini (Ca or p<oe offi 


for p>po, 
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where 7 is a constant and €: (=2.4048---) is the least zero point of Jo(x). Then we have 


|, zoe) JE ve)de= Field e) (4.6) 

and, on differentiating this by a once and twice, we get 
| 27 (eea\fuCrz)de= ~ eS eae) Cite) h(a] (4.7) 
|, 2 Wee) WGr2\dz= BCD (gat ila) —delGit a fla)+Ct—at Ma). (4.8) 


Using these expressions, we get, e.g., from (3.21) the following expressions for the dipole 
source parallel to the z-axis. 


Er, )=boy/ Felson gilot—kt—kp) oD pg ne {NHle) +35 (2 1 +2 


BaD) c= hl” ko 
x ( 1— 20) 1 ae) )(cos 0+ Es (1 +e0s 6))) f(a) 


+2(ko0)( lege (1-+c0s 8) Hoe) 


sa es | (sz cos @—7M sin @)— M15 + = a wa) alee) 
+4eN fica) |+- he (4.9) 


where a=2kp) sin (6/2). 


§5. Accuracy of the Dominant Terms 


Our formulas are asymptotic expressions valid for very large kl and ko. Since these are 
quantities of order of several tens in real experiments, dominant terms seem to give a suf- 
ficiently accurate field. But here it should be noted that the coefficients of the correction. 
terms are functions of koo as seen, e.g., from (4.9). Since these coefficients have terms of 
higher powers of ko, than the dominant term, there would be some fear that the correction. 
terms may overcome the dominant terms when kg is large compared with 1 in the real 
experiments, where k/ and kp are not sufficiently large. This means merely that when koo, 
is large, the incident wave cannot be regarded as the far field of the source unless the dis- 
tance to the source is very large and the scattered field cannot be regarded as the far field 
from the scatterer unless the observing point lies at very remote place. In other words, the 
condition for the far field depends not only on the distances to the source and the observing 
point compared with the wave length and the dimension of the scatterer, but also on the 
ratio of the latter two. 

It would be, therefore, desirable that the comparison of our formulas with real experiments 
is carried out for such a large &/ and kp that the correction terms have only small effect on 
the scattered field. An estimation for the advisable value of &/ and ko is obtained when we 
compare terms of the next order with the dominant term for the special case of @=0. For 
example, we take the case given by the expression (4.9), and put it in the following form. 


Re Ji(E1) 
; (3/4) f-__“"_pj(wt—kl—kp) o(Rpo)2 
E;(r, t= on /5 é EEE Nol 0) a, 


x{ POS (4+ )ime@+ geo ineor le. on 


When the plasma is collisionless and there is no external magnetic field, L=N=1, M=0 and. 
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the expression for @=0 reduces to 


F,(0)=1 ’ 
Fe@=+(1 ‘3 2(1 a - ceo») 
‘ G1 (6.2) 
‘=0.25—0.15417(Ro0)’ , 
ff 
(2)(Q)) = ——-=—0,4375 . 
F,(0) 16 
Table I. Table 1 gives the values of Fi(0) asa 
= a a, 0) ee function of ko; kl and koe should be at least ten 
! lhe, SUTXS. 3 Eso) Sd Us fold larger than the absolute value of Fi™(0) 
2 | —0.37 given in this table. When the radius of the 
4 | —2.22 discharge tube is equal to the wave length, 
6 | —5.30 kov~6. The table tells us that then we should 
8 | —9.62 choose 7 and op larger than 9 times of the 
10 | 15, 197 wave length, which is of reasonable scale in 


practical experiments, too. But even when 
-~we choose &/ and ko as such, we must be careful when F)(@) tends to zero if we wish to 
suse the dominant term only. 


$6. The Scattered Field at an Arbitrary Point 


In this section we derive the scattered field at an arbitrary point. The observing point is 
located at P(0,0,z) with ko>1 and arbitrary 6 and z. Because of the complexity of the 
calculation, we give here only the dominant terms of the scattered field. In this case we 
need only to retain the lowest terms with respect to 1/k/ and 1/ko at every step of the cal- 
culation. This simplifies our analysis considerably. 

“6.1. The dipole source parallel to the z-axis 

Let us put the dipole source given by (3.1) at S. Then the field of the incident wave at 
*Q is given by (3.2). It should be noted here that, contrary to the previous case, E{)(r’, t) 
gives a term of the same order as that given by EjP(r’,t). E{0(7’, t) gives a higher order 


‘term than other two and can be neglected here, too. At first we consider the contribution 
from E{(7’, t). 


EQ, 1)=R ba exp [ilo AR) EE, 6.1) 
uf 


-where Ri and &; are the same as that defined by (3.3). Using (2.7) and (2.10) we find the 
«contribution of the electron located at Q as follows. 


(Er, D)g=— — k*poN exp [j(ot —kR:—kR)] an {Ee,—(x—x/(z—Z ez—(y—y’"lz—2' ey}, 


(6.2) 
-~where 


FN eee ae, (6.3) 


‘with & defined by (3.7). In summing the contributions from all electrons in the cylindrical 
plasma, we need the asymptotic expression of the following integral for large kl and ko: 


°c i F ; 
Inw= |" Pomp XP LMR + Bde’. (6.4) 


“This is accomplished in Appendix B and the result is 
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(Ex t&m" exp [—jkV (Er +E? +27] 
E, m— 1gn— W/ REE [(E: +E +22] (1/2)(m+n)—(3/4) * 


Tin, n =V2n e-'7/4)5 (6.5) 


‘On the other hand, in the course of the derivation of (6. 5), we find that the following rule 
can be used in the evaluation of the integral, when we want to get the dominant terms 
only. 

For example, let us take an integral of the following form; 


i fm (e—x’\'2—z’) exp [—jR(Ri + R)]dz’ . 6.6) 


‘Then we regard the integrand as the product of (RiR)-? exp[—jR(Ri+ R)] and £:°(x—x)\(z—z’). 
‘The former factor gives the contribution given by (6.5). In other factors, we replace 
a by lz/I+@) , 
z—z by oz/I+), 
x—x! by pcos 6, 
ay by esin#g. 


(6.7) 


Finally we make the product of these factors and get the dominant term of the asymptotic 
expansion of the integral. When it is convenient, some R? can be also regarded as an extra 
factor in the integrand and is replaced by o?[1+z?/(/+ )?]. In this way the integral (6.6) can 
ibe evaluated to be 


@ ap exp Pah Erb 24 yy, 
Perko [sorte EPCS, 
(1+ )%z cos 6 


Bere: [+o +22]/4 €Xp [—gk//(E: +E +2?) : (6.8) 


Vane 5 


At the final step of our calculation, we have to perform the integration with respect to 
4. Inserting the expansion of the argument of the exponential function 


VEFEPTEH Vt OP tet 7 ara =p’ (cos 6’ —cos (0 —8)) +--+, (6.9) 


into the integrand and retaining the terms of lowest order only, we have 


|. (ie GFE ado’ =ex0 — jk py tel: 2x Jl a ENE: 2k’ int). (6.10) 


In this way the contribution to the scattered field from the z-component of the incident 
~wave is found to be 


foe} on co 
<=» i Nolo’)o’do’ \ do’ Nee ESCA ORAS PET 
7 


(Ete, (42 Vea’ )eo—(y—y’ \z—2’ Jen} 


RYR® 
=bo/ nee klo ahoe ZA exp [j(wt —ky/(1+ p)? +2?)] 
x fe dared ten be / tit on 6.11 
x \ Nye Io (Saree sin +) do’ E ae e. | : ( ) 


Similarly the contribution from the x component of the incident wave are evaluated. Thus 
zadding these two contributions, we get the total scattered field: 
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Birt) =oy/ ets pec exp ot by EEE 
2 V Rip (+0)? +27] %/4 
x , 70) Jo (ee sin )o‘ao’{| = eee cos 0—jM sin 0) ec 
re [ one cos 6—7M cos 0) Jen 
! aie ee sin 0-+jM cos 8) eat . (6.12) 


6.2. The dipole source parallel to the y or x-axis 

When the dipole cource has a moment parallel to the y or x-axis, the calculation is similar 
as that in the previous subsection. In this subsection we give only the result. 

When a dipole source ‘ 


Po(t)=po'er""ey , (6.13) 


is located at S, the scattered field at P is given by 


Es(r, t)=po’ TZ 9(3/4)15 k4(1+ 0)? 
\ 7 ) 


V kip (l+ po) +22] 5/4 exp [j(ot —k1/(1+ p)? +2z?)] 


e , LO Tee we , , z pe" a : 
«| n(0') Jo Saee ae! sins )e do {(1+ aerle: cos @—jM sin @)ee 


2 
+ [pall sin 0+ JM cos Oe» — 75—(L sin 0+jM cos 6) ex} 6.14) 
When a dipole source is of the following form 


Dot) =po'’e"ex , (6.15) 


we have 


pas any _ 3/4)25 k4+o)z 5 ee eed 
Bde, )=po'y/ Fest ’ ilo (1-0)? bape C8? tk oy $2] 


Eee 


se / pees OO. LC z ee ° 5 
x ee See 
| 7(0')Jo eal a sick Sitters )e do . ‘ [ “+ fi pee cos @—jM sin 0) Jer 


z Zz 4 : z 
iL bem pag OR oy ie 5 
al jaca (L sin 0+jM cos 0) ¢0 [ + Te pill cos 0—JM sin 0| eb . 6.16) 


§7. Conclusion 


So far we have derived the scattered field from a cylindricol plasma in the Born approxi- 
mation, when an incident wave is radiated from a point source of an oscillating electric 
field. Generally speaking, our formulas are useful when kg is not large, and the comparison 
with experiments should be carried out under the condition that the dominant terms have 
sufficient accuracy. When kp is very large, the conventional method” of regarding the 
plasma as a plane slab may be a good approximation. It is hoped anyhow that our formulas 
would be of help for analysis of experiments of the scattering of microwaves from a cylin- 
drical plasma. 


The author wishes to express his sincere thanks to Professor T. Kihara for his continual 
guidance and his kindness in reading the original manuscript. 


Appendix A. Derivation of Equation (3.9) 


Here we handle a little more general integral of the following type. 
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ie “=|” I oxy [J Ri+ Rd’ 
a: R,™R” 4 
al we 1 Fey 
=2 |" SapEm ITE Ee OP IR HEN He EDA (A.1) 
Introducing a new variable u by 
UHR A+EM) +E (Ata) , (A.2) 
where 4,:=k&: and A=kE, we get 
In .n=2Qrinpmin-1 exp [—j(A1+4)] |; (utaitaym—ta“taitayt— (A12— 22)? ]e-Ju 
0 [tA +4)? +A? —27]"[(at Ait Aaye— 22+ 22] 
x oe A 
[at Art A)t— 2+ dit Aya? + a2) + (Avr 2p]? * sa 


We assume that 4:+A4=A is very large and introduce g:, g and x by 


A=gA , h=gA and UA (A.4) 
Then we have 


k m+n—-1 F A 2 
1 =A 
, (a) : &i 


are —jAx 
m—(1/2) gm—(1/2) | s(x)e dx Z 


(A.5) 
where s(x) is independent of A and has the following asymptotic properties: 
Feit (m+n—1—(m “ae (2-7) +009 as x-0, 
<< 2h 3 (A.6) 
Qmtn—(1/2) pimatingr ties Dl Bro (a J) as" xX > cot! 
nmin ¥ 
We divide the integral (A.5) into two parts. The first part is obtained as follows. 
eae igen il | e~h =/= . 
Spy peed — du=_/ = e-/45 | ACD) 
lad caer adalat a 


The second part is evaluated by the integration by parts: 
\"[s@ - al dia 
0 V * 
“Ac (afio fone 
Saya shay ll aewra rae lEerret NN reed 
=giaV Feo (min lm -D)E-( VOCS). a 


& 


Substituting these into (A.5), we have the desired result, 


- Maen — jE +E) — = j 
Imm Emig) REE(E, FE) exp | Jj 4 i| 


eae oe elt Ae 


ke 
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Appendix B. Derivation of Equation (6.5) 


—= of tl 2 72\1/2 2 /\2\1/2 
Inns] ARR ME OE Heer | 


Let us introduce a new variable v by 
=(F,2+-272)/2 + (E24 (2% —z)?) 72 . : CB) 


(B.2) is a quadratic equation for z’ and can be easily solved. 


u= Te EMER rea dV Cea Tet = ee Siete (B.3) 


The v takes its minimum value [(&:+&)?+2?]/? at 2’=z&:/(&:+&) and at this point two roots 
(B.3) for z’ coincide each other. Thus we divide the integral (B.1) into two parts 


°° 2€,/(E, +6) 
In.0=| az +| We (B.4) 
2€,/(£,+&) 


—oo 


When we deal with the first term, we take in the expression (B.3) the upper sign, and 
for the second integral we take the lower sign. 
Further we introduce a variable wu as in the previous section. 


u=kv—V (Atay tae , (B.5) 


where 4; and 4 were defined in the previous section and 22=kz. Then the analysis proceeds 
as before. We get an integral of the form: 


| i s(uje*du . (B.6) 


If we want the dominant terms, we need only to retain the leading term of the expansion 
of s(w) for small wu. The factor 1/;/% is provided by dz’/du, and we get the final results, 


(a+ ayn"? exp [—jV Ai Far tae] 
Ayn R-1V/2iA [(Ar FA)? +292] 4/2 (m+n)—-3/4 i 


In.n=V 2re- HS pmin—1 (B.7) 
In the course of the derivation mentioned above, we find that, if there is some extra factor 
in the integrand, it can be replaced by the leading term of the expansion in wu of itself. 
Thus it is allowed to use the rule of the replacement given by (6.7) used in section 6. 


Appendix C. The generality of the Dominant Terms 

The formulas for the dominant terms given by expressions (4.3) and (4.4) are valid for 
more general spherical waves than that radiated by an oscillating electric dipole, provided 
the fields of the incident waves at the origin are Ey(0,¢) and E>,(0, £) respectively. This is 
shown in the following. 

Let us put, for example, an electromagnetic horn at S toward the origin of our coordinate 
system. The electric field of the incident wave at the origin is assumed to be of z direc- 
tion. Then the dominant contribution to the scattered field at a point P with z=0 comes 
from the z component of the incident wave, which would be of the following form in the 
cylindrical plasma. 


Gane BY expLj(ot— aRyF (F, = ak (C.1) 


where F(x’/l, yl, 2’/l) is a slowly varying function of the arguments and finite for all points 
in the cylinder and F(0, 0,0)=1. Since the radius of the cylinder > is much smaller than 
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J, we can replace F(x’/I, y’/l, zl) by Fo, 0, 2’/1)=F(z’) provided we wish to get the dominant 
term only. Thus we have 


1 


Ever’, t= Ene exp [j(@t—kR:)| F(z’), (C.2) 
1 
and the integral corresponding to (3.9) is 
¥ seat 7 5 , 
RR (z’) exp [—jk(Rit+R)]dz’ . (C.3) 
When we introduce new variables used in References 


Appendix A, we find that in the extra factor 1) Y. Midzuno: J. Phys. Soc. Japan 16 (1961) 971. 
of the integrand such as F(z’), we need only 7) >: Glasstone and R. H. Lovberg: Controlled 


: : : : Thermonuclear Reactions (D. van Nostrand Co 
the leading term i ‘ 
g n the power expansion with Inc., Princeton, 1960) 170 p. 


respect to z’. Thus the asymptotic expres- 3) J. C. Slater and N. H. Frank: Electromagnet- 
sion of (C.3) depends only on F(0)=1 and not ism (McGraw-Hill Book Co. Inc., N. Y., 1947) 
on the details of the angular distributions. 159 p. 

4) J. A. Stratton: Electromagnetic Theory (Mc- 
aria : Ggraw-Hill Book Co. Inc., N. Y., 1947) 434 p. 
our statement at the beginning of this appen- 5) M. J. Druyvesteyn and F. M. Penning: Revs. 
dix. Modern Phys. 12 (1940) 87. 


The same is true for (4.4) and this proves 
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Optical absorptions of the fundamental absorption tail of specially puri- 
fied KCl and those due to bromines in KCl were measured between room 
temperature and 196°C. The latters were estimated from the differences 
between the fundamental absorption tails of pure KCl and KCl with 
bromine of which concentration was 1.3107‘ in mole fractian. Measured 
absorption coefficients were corrected by considering the errors due to the 
finite band width of the spectrometer. The fundamental absorption tail of 
KCl was found to be represented by the Urbach rule with o=0.80+0.02 
and hyy=7.76+0.10 ev. The long wavelength side of the bromine absorp- 
tion was able to be described by the same rule where o=0.51+0.03 and 


hyo =7.3540.15 ev. 


$1. Introduction of temperature. This is known as the Urbach 

The absorption coefficients of some ionic rule and was first found by Urbach” in silver 
crystals at their fundamental absorption tails bromide. For alkali halides, Martienssen” 
have been known to change in an exponential has made the measurement of the absorption 
manner as a function of photon energy and tail on pure KBr, and Haupt®) on pure KI, 
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and they have found that these tails can be 
described fairly well by the Urbach rule over 
a very wide range of temperature and absorp- 
tion coefficient. The tails of these crystals 
are believed to be due to exciton absorptions 
so that their results have given important 
informations to an exciton picture in alkali 
halides. 

The purpose of this study is of twofold. 
The following is the first one. No work relat- 
ing to the Urbach rule has been made on the 
fundamental absorption tail of KCl, the most 
typical substance among potassium halides. 
As has been reported in our previous paper®’, 
we have succeeded to prepare pure KCl with 
clean fundamental absorption tail by an elimi- 
nation of impurity bromines which are present 
in fairly large amount in crystals commonly 
used. Therefore, it would be worthwhile to 
investigate the fundamental absorption tail of 
this pure KCl. 

Secondly, studies on the absorption tails 
which have been made so far are on pure 
alkali halides and the observed exciton absorp- 
tions are due to halide ions which are sur- 
rounded by halide ions of the same kind and 
alkaline ions. If one replaces the environ- 
ment around halide ion, of which optical ex- 
citation we are interested in, with other 
halides but the same alkalines and compares 
its absorption to that of pure one, one might 
be able to obtain some other informations on 
excitons in alkali halides through an effect of 
a local change of a lattice constant and an 
electronic configuration. 

We have found the absorption band due to 
bromine in KCl at the tail of the fundamental 
absorption of the host crystal‘). The concen- 
tration of bromine in this case was as low as 
10-* in mole fraction and the bromines were 
beleived to be distributed randomly through- 
out the crystal, so that the interaction be- 
tween bromine ions was considered to be 
almost negligble. Therefore, if one uses this 
crystal, one might be able to investigate the 
exciton absorption due to bromine in an 
isolated state in KCl lattice. This situation 
would be almost an ideal one for the present 
purpose. 


In the present study, we have measured 
absorption coefficients of the long wavelength 
tail of the fundamental absorptions of pure 
KCl and KCl containing bromine of 1.3x 10-4 
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in mole fraction at several different tempera- 
tures. The fundamental absorption tail of 
KCI has been obtained from the measurement. 
on the former crystal. The absorption due 
to bromine has been estimated from the: 
results of both crystals. It has been found 
that both the fundamental absorption tail of 
pure KCl and the long wavelength side of the 
absorption due to bromine in KCl can be: 
described fairly well by the Urbach rule. 


§2. Measurements and Results 


The specially purified KCl crystal used in. 
this study as a pure one was KCl-aK-1*) which 
contained bromines of 9x10-* in mole fraction 
and divalent metallic ion impurities of 1x15'* 
percc. KCl-bK-1 was the KCl crystal, which. 
we were interested in measuring its bromine 
absorption, contained bromines of 1.3x10-* 
in mole fraction and divalent metallic ion: 
impurities of 4x10" percc. Hydroxyl ions of 
the concentration of 2%x10'* percc*) were: 
found in both crystals. 

Optical transmissions at the absorption tails: 
of both crystals were measured with a vacuum 
ultraviolet spectrometer at 26, 956, 100, 147, 
and 196°C. The temperature was held con- 
stant within +1°C throughout a run. In 
determining absorption coefficients from. 
transmission measurements, it is necessary to: 
take into account the light losses due to scat- 
tering at the surface and in the volume of 
the crystal, as well as the specular reflection. 
losses at the surface. However, as have been. 
shown in our previous paper, the scatter 
correction is found to be negligible in these 
crystals and the absorption coefficient can be: 
estimated fairly well from the observed trans-- 
mittance and the reflectivity calculated from. 
the refractive index. The refrative indices at. 
room temperature used in this study were 
those given by Gyulai®) and by Hartman et 
al®, the latter of which were normalized to: 
the former at 185 my. 

The values of refractive index of KCl at 
higher temperatures were not available. Thus 
the room temperature dispersion curve was. 
shifted to the longer wavelength side by an 
amount corresponding to the wavelength dif-. 
ference between the positions of the absorp- 
tion tails at room temperature and higher 
temperature so as to estimate the high tem- 
perature dispersion curves. In order to 
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Justify this method, absorption coefficients 
were estimated from the observed transmit- 
tances of crystals with different thicknesses 
-and the assumed dispersion curves at different 
temperatures. All of them were found to be 
-zero within our experimental error at 240 mz 
where no absorption have been found in these 
crystals. This would indicate that the above 
.procedures are suitable to the estimation of 
refractive indices at higher temperatures, and 
‘the absorption coefficients at 56, 100, 147, and 
196°C were calculated by using the assumed 
«Curves. 

It has been pointed out by Moser and 
‘Urbach” that an appreciable error might be 
‘introduced into a determination of an absop- 
‘tion coefficient, K, as a result of using a finite 
band width in a measurement of a transmis- 
-sion where an absorption coefficient changes 
markedly with a wavelength, 4. Their analy- 
-sis shows that if a band width is finite and 
-an absorption coefficient is represented by K= 
Ki, exp (—bA), where AK: and 6 are constants, 
-an absorption coefficient calculated from a 
measured transmittance of a crystal with 
«certain thickness must be different from that 
«of a crystal with other thickness, and only an 
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Fig. 1. Absorption spectra at the fundamental 
absorption tails of pure KCl (KCl-aK-1) and KCl 
containing bromines (KCI-bK-1) at 56°C. The 
open circles are the absorption coefficients 
calculated from the observed transmittances of 
KCl-aK-1 with different thicknesses and the 
filled ones are those of KCl-bK-1. The dashed 
lines are those which connect the points where 
Kd=1 (double circles). 


Fundamental Absorption Tail and Bromine Absorption of KCl 
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observed absorption coefficient which satisfy 
the condition, Kd=1, is a true absorption 
coefficient of a crystal with a thickness, d. 
Figs. 1 and 2 are examples of the present 
measurements of the absorption coefficients 
at the tails of KCl-aK-1 and KCl-bK-1 at 56°C 
and 147°C. They were calculated from the 
measured transmittances of the crystals with 
different thicknesses of which magnitudes are 
indicated at the upper right hand of the 
figures. One may readily see that the ob- 
served absorption coefficients are always 
higher for the crystal with smaller d. This 
is the tendency which can be derived from 
the analysis by Moser and Urbach”’. Double 
circles in both figures are the points where 
Kd is unity. These points are well repre- 
sented by straight lines in log K versus photon 
energy plots as indicated as dashed lines. 
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Fig. 2. Absorption spectra at the fundamental 


absorption tails of pure KCl (KCl-aK-1) and KCl 
containing bromines (KCI-bK-1) at 147°C. The 
open circles are the absorption coefficients 
calculated from the observed transmittances of 
KCl-aK-1 with different thicknesses and the filled 
ones are those of KCl-bK-1. The dashed lines 
are those which connect the points where Kd=1 
(double circles). 


This exponential behavior of the absorption 
coefficient to the photon energy may indicate 
that the analysis by Moser and Urbach is 
applicable to the present observed values since 
the exponential behavior may hold to photon 
energy as well as to wavelength if the range 
of wavelength is small. Therefore, the points. 
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at Kd=1 are the absorption coefficients free 
from errors due to the finite band width, and 
the dashed lines may be the true absorption 
tails of both crystals. 

Measurements on crystals with different 
thicknesses at other temperatures have in- 
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Fig. 3. Fundamental absorption tails of pure KCl | 


at seveval different temperatures. The open 
circles are the points which satisfy the condi- 
tion, Kd=1. in observed absorption curves of 
crystals with different thicknesses. Tempera- 
tures are indicated in this figure in an absolute 
scale. 
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Fig. 4. Photon energies corresponding to a con- 
stant absorption coefficient in the curves in Fig. 
3 as a function of temperature. They are re- 
presented by full lines for constant K of which 
magnitudes are indicated at the right hand side 
of this figure. The dashed lines are their linear 
extrapolations. 
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dicated also the same features as described 
above. Fig. 3 shows the absorption tails of 
pure KCl (KCl-aK-1) at five different tempera- 
tures. The open circles are the points which 
satisfy the condition, Kd=1, in observed 
absorption curves of crystals with different 
thickcesses. The lines which connect these 
points are linear in log K versus photon ener- 
gy diagram and their slopes are decreased as. 
the temperature is increased. Fig. 4 shows 
the photon energies corresponding to constant 
absorption coefficient in the curves in Fig. 3 
as a function of temperature. The dashed 
lines are the extrapolations of the lines which 
connect the points with constant K. They 
are found to cross one another at zero degree 
Kelvin. 

From Figs. 3 and 4, it might be found that 
the fundamental absorption tail of KCl can 
be represented by the Urbach rule, 


aimee 


KK exp | aT 


where Ky and o are constants, hy the photon. 
energy at K and 7, and hy», the extrapolated 
photon energy at zero degree Kelvin. Taking 
into account the errors due to the measure- 
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ABSORPTION COEFFICIENT 


7.2 7.0 
PHOTON ENERGY 


68 

(Ev) 

Fig. 5. Absorption Spectra at the long wave- 
length side of the absorption band due to*bro- 
mine in KCl at different temperatures which are: 
indicated in this figure in an absolute scale. 
The full lines are those which connect the: 
observed absorption coefficents and the dashed. 
ones are those extrapolated linearly to high 
absorption coefficient. 
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ments, it was found that hy is 7.76-+0.10 ev 
and o is 0.80-++0.02. 

The absorptions due to bromine in KCI-bK-1 
were estimated at five different temperatures 
by subtracting the true absorption curves of 
KCl-aK-1 from those of KCl-bK-1. The re- 
sults are shown in Fig. 5. One may note 
that these absorptions are due to bromines 
with their concentrations of 1.2x10-‘ in mole 
fraction since the concentration of bromine 
in KCl-aK-1 is 9x10-* and in KCI-bK-1 is 
1.3x10-*. In the low absorption coefficient 
region, absorption curves are linear in log K 
versus photon energy plots and their slopes 
are decreased as the temperature is increased. 
The dashed lines are their linear extrapola- 
tions to high K value where they are found 
to cross one another at one point. The 
highest points among the observed ones are 
found to deviate from the linear relationship 
since they are the points which are close to 
the maxima of the absorption bands*. 

Fig. 6 shows the photon energies where K 
is constant in the absorption curves of bro- 
mine for different temperatures. The open 
circles in this figure are the values obtained 
from the observed curves and the filled ones 
are from the linearly extrapolated lines in Fig. 
5. The dashed lines in Fig. 6 are the ex- 


7.4 


P 
) 


PHOTON ENERGY (EV) 


6,6 


200 300 400 500 


TEMPERATURE (°K) 

Fig. 6. Photon energies corresponding to a con- 
stant absorption coefficient in the absorption 
curves of bromine in KCl as a function of tem- 
perature. The open circles are taken from the 
observed curves in Fig. 5 and the filled ones 
are from the linearly extrapolated lines as 
indicated as dashed lines in Fig. 5. They are 
represented by full lines for constant K of which 
magnitudes are indicated at the right hand side 
of this figure. The dashed lines are their linear 


extrapolations. 
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trapolations of the lines which connect the 
points with constant K. They are found to 
cross one another at zero degree Kelvin. 

From Figs. 5 and 6, it might be found that 
the absorption due to bromine in KCl can be 
described fairly well by the Urbach rule with 
hyo =7.35+0.15 ev and o=0.51+0.03 in equa- 
tion (1). The absorptions shown in Figs. 5 
and 6 are of bromines of 1.2x10-* in mole 
fraction and thus the magnitude of Ky was 
estimated as being in the range between 3x 
10° and 210% cm- with such a condition that 
all chlorine ions in KCl are supposed to be 
replaced by bromine ions without introducting 
both the change in lattice constant and the 
interaction between bromine ions. If the lat- 
tice constant of KBr is used in the above 
estimation, Ko may be smaller by about ten 
percent. 


§3. Discussion 


In the present study, o of the fundamental 
absorption tail of pure KCl has been obtained. 
as 0.80+0.02. o of KBr has been given by 
Martienssen”’ as 0.79 and of KI by Haupt*” 
as 0.82. Their magnitudes are almost the 
same in spite of their different lattice con- 
stants and halogens. The fundamental ab- 
sorption tails of these crystals are believed to 
be due to exciton excitations of halogens.. 
According to Toyozawa®), o may be repre- 
sented by C/|E2:| where C is an appropriate 
elastic constant and 2 a constant to a quad- 
ratic term of deformation in the expression of 
electronic energy change as a function of 
deformation. Therefore, the differences of 
the lattice constant and the kind of halogen 
seem to be rather insensitive to the determina- 
tion of the magnitude of C/|E:| of the exciton. 
excitation of pure potassium halides. 

It has been known that KCl and KBr make 
a good solid solution. The concentration of 
bromine in KCl-bK-1 is as small as 1.3x10-‘. 
Therefore, the bromines may be distributed 
randomly and the interaction between bro- 
mines through the host matrix may be negli- 
gible in this crystal. Thus the absorptions. 
due to the presence of bromine in KCl inves- 
tigated in this study may be due to the 
isolated bromine ions which simply occupy the 
chlorine lattice sites. 

An exact nature of this absorption due to 
bromine in KCl is hardly to be known. How- 


1422 


ever, the position of the maximum of this 
absorption band can be estimated roughly by 
the assumption that the absorption is due to 
bromines themselves. The electron affinity 
of chlorine is 87.1 Kcal and of bromine is 81.2 
Kcal®, and the maximum of the first absorp- 
tion peak of the exciton doublet of KCl is at 
somewhere around 7.52ev at room tempera- 
ture!”, Then the bromine absorption in KCl 
is expected to have its maximum at around 
7.26ev at room temperature which is not far 
different from 7.12 ev, the observed position 
of the maximum. The maximum absorption 
coefficient of the bromine absorption in KCl 
after being normalized to such a condition 
that all chlorine ions in KCl are replaced by 
bromine ions, can be estimated as about 1x 
10°cm-! from the maximum height of the 
bromine absorption in KCl-bK-1*. This mag- 
nitude is of a comparable order to the maxi- 
mum hight of the exciton absorption in KBr”. 
Therefore, it would be rather unlikely that 
this absorption is due to optical excitations of 
twelve chlorines at the second nearest neigh- 
bour sites around the bromine, but is very 
likely to be due to the bromines themselves. 

It has been shown that the bromine absorp- 
tion in KCl can be described by the Urbach 
rule. However, the magnitude of o of the 
bromine absorption in KCl is 0.51£0.03 which 
is far smaller than 0.79 of bromine in KBr” 
and 0.80-£0.02 of chlorine in KCl. The small 
magnitude of o of the bromine absorption in 
KCl might be understood by different C and 
/or different E: from those of pure potassium 
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halides as a result of strong distortion around 
the bromine ions. It may be desirable to 
study further on the absorption bands of 
halogens in mixed crystals of other combina- 
tions, such as I in KCl and in KBr, to 
investigate an effect of distortion on an ex- 
citon excitation through a magnitude of o. 
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The effect of the transverse magnetic field on the commencement of 
the two dimensional Poiseuille flow of conducting fluid between two 
parallel walls is discussed. Owing to the invariance of the flow charac- 
teristics in the direction parallel to the walls, the fundamental equations 
reduce to linear equations and can be solved exactly. Several limiting 
cases are surveyed on the basis of the solution obtained. Detailed 
numerical calculation is also made for a special case in which the 
values of the Reynolds number, the magnetic Reynolds number and the 


pressure number are all equal to unity. 


$1. Introduction 


In the present paper we study the com- 
mencement of the so-called Hartmann flow of 
a conducting fluid. Suppose that the fluid is at 
rest between two infinitely large and paral- 
lel flat plates of perfect conductor and that 
the uniform magnetic field is applied normal 
to the plate for ¢<0. From the time t=0 
on, uniform pressure gradient 0/0x which is 
constant in later time is applied along the 
walls. Then, the fluid will begin to move 
under the influence of the viscous, the inertia 
and the Lorentz forces. The velocity profile 
and the magnetic field will approach asymp- 
totically those of Hartmann flow. 

For this flow, it can be expected that the 
fluid velocity as well as the magnetic field 
do not change in the direction parallel to the 
plates. The fundamental equations governing 
the fields then reduce to linear equations 
which can be solved by the method of Fourier 
expansion. 

On examination of the solution it turns out 
that the flow and magnetic field converge with 
time to those in Hartmann flow monotonically 
or in damped vibration in general. The latter 
case (vibration) could not be found in ordi- 
nary viscous flow. When the conductivity of 
the fluid is infinite, there can be no steady 
flow but an ultimate state of equilibrium or 
of undamped oscillation according as the vis- 
cosity is finite or zero. 


§ 2. Fundamental Equations 


The fundamental equations of magneto- 
hydrodynamics (in rationalized M. K. S. units) 
are: 


div B=0 ie) 
rot H=j (2) 
rot b= 8 (3) 
j=o(E+6 x B) (4) 
5-6 = = grad p+ yd0+—-JxB) (5) 


div 6=0 (6) 


where F is the electric field, H the magnetic 


field, B the magnetic induction, j the current 
density, o the electrical conductivity, 6 the 
fluid velocity, p the pressure, o the density, 
y the kinematic viscosity and ? the time. 
The fluid is assumed to be homogeneous and 


isotropic so that B=yH where yp is the mag- 
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Fig. 1. Coordinate system. 
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netic permeability. 
We choose the Cartesian coordinate system 
(f, 9, 2) in such a way that the walls are 
normal to the #-axis and situated at f=-ta 
and that the pressure gradient is in the di- 
rection of £-axis (Fig. 1). 
It may by assumed in the present problem 
that 
B =(B,, Bs 0) 


b=(A, 0,0), (7)* 


and that #, B, and B, are all independent of 
x. Then 6 satisfies the equation (6) evidently. 
With the assumption (7) the equation (1) to 


(5) are simplified as follows: From (1) 
OBy 
Ee) 
Oy 


that is, B, is a function of ¢ only. Then, if 


we eliminate q and & from (2), (3) and (A), 
we obtain 


1 OB. = On da OB. 

us Ov Ae ose of ee 
and 

o= oe or By=const.=Bo (9) 


Later, By will be equated to the applied mag- 

netic induction. Using (9), Eq. (8) becomes: 

1 OB, 0a _ OB, , 

ys ON? "ap soa oe 

Further, elimination of j from (2) and (5) 
yields 

02. 1/06 , 0° Bol OB, 


Of =p OR CH? ope OH a0) 
noel op B. OB. (11) 
0 OF pp oy 


Here 0f/0% is applied pressure gradient which 
is assumed to be constant and will be denoted 
by —A. 

Boundary and 
follows: 


initial conditions are as 


on f=a, 2=0 (no slip condition) 
OB, a Gace are assumed 2) 


ox be perfect conductor 
on j=0, LUD ass (symmetry) 
ay 
B,=0 (symmetry) 
(12) 
at i=0, D0, 2.0.18, =B, (13) 


* The quantities in the parentheses represent 


the 4, y, 2 components respectively. 
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Hereafter we use for the sake of con- 
venience the non-dimensional quantities 


4=hlV Aap, Bo=B/Bo, y=3la, 
p=p/Aa and t=t/Vpa/A - 


With these transformations the fundamental 
equations become 


OB 1 O°B, Ou yr 
x + 8 
ot Ra O09 Oy Ce, 
Ou 1 Oa OD: / 
a 10 
ot sae R oy Oy ae 

Gp erecIr gps ; 
= Be 11’) 
0 By +s By (11’) 


where R=/ Aa/o:(a/v) is the Reynolds num- 
ber, Rm=ouayY Aa/p the magnetic Reynolds 
number and s?=B,?/Aa the pressure number. 
Also the boundary and initial conditions are 
written as 


on v=, u=0 
obs xy 
a (12’) 
on v—( toners 
“ Oy 
ee) 
at. <= #034, “ale "PBsep (13”) 


§ 3. Solution 
We seek the solution by dividing it into 
steady and unsteady parts, that is 
Bz=B"y)+ By, t) \ 
u =u(y)+ Uy, t) 
where B°, u° are the steady parts and B, U 


the unsteady parts. Each satisfies the follow- 
ing equations and boundary conditions: 


(14) 


ne HE ae 
Rn dy? dy | 
1 du dB° sad 
0O=1+ 2 
Fi a 
VSie “w= : dB _, 
dy 
du° iG) 
=(()P = 0— 
y ty pipe =0 
OB la O2Bin® OW 
(17) 
OU 1 @U 0B 
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se Wir B= 
y 
(18) 
y=0; lees B=0 
dy 
E—Or U=-2, B=—B° (19) 


Steady solution. 
Eq. (15) for the steady motion may be inte- 
grated once by using (16), i.e. 


as’) 
(— +— BARES 52 Bo 
J Rag +S | 


The solution of these equations can be found 
in closed forms*. For later convenience, 
however, we shall obtain here the solution in 
a form of Fourier series. That is, we assume 


u° =i Mn COS Any 
n=1 (20) 
/5 = Np sin Any 
n=1 


An =(2n—1)x/2 
On substitution of (20) into (15’), we obtain 
M, and Nn in the forms: 
WO Ga ek 
Al On? +H?) 
(—1)"*2RRn 
An? (An? +H 2) 
where H=(RRms?)!/? is the Hartmann number. 
Unsteady solution. 
For solving Eq. (17) we assume the follow- 
ing expansions: 


U a Frit) COS Any 


(21) 
Nn = 


(22) 
n=1 


Substitution of (22) into (17) yields the equ- 
ations for fr(t) and galt): 


Anfn ae (e 
m™ ) —$?An£n =(() 


( sjagte 


where the prime denotes differentiation with 
respect to¢. Also, from (19) and (20) the initial 
conditions for fn(t), gn(t) are found to be 


(23) 


stag z( Swe 

He? cosh H 
pow —RRm m aa) 
H cosh H 


Bm \¥ 
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2n(0) =—WNn 


The general solutions of (23) may be given 
by 


Fn=F exp (Ant) + Fra exp (Ant) 
§n=Gn'” exp (An'Pt)+Ga exp (An'2) 
(An) F An!) 


\ Glo 2.-=*) (24) 


\ (25) 


where 


Agi = Ot e a 
2 R LRG 


+/(4-4y a 

R [Ren An? 
An 

Se cae (R4+Rn) 


Bo Mee pha \ 
Gr.) 


= Ky), (2) FD), (2) 
RRm(hn) +(an?/R)) 

F?’aQn 
Two arbitrary constants PF," and F,? can 
be determined by the initial conditions (24), 
that is 


Kn), 2) = 


FE a) —_ Naa kn Mn 
nT Pp aa, aka 
(2) (1) 
kn” —Kn 
(1) (26) 
F (2) _kn Mrn—Nn 
0 SAREE) EE 
If 2, is a complex root, Fn and Fr are 


complex conjugate of each other, and then 
putting An =—Brt+irn, Fn =on+ion, we may 
obtain the expression for fn, gx in real vari- 
ables Bn, yn, Gn, Wn. That is 


i= 2exp (= Bnt){on COS Tat — On Sin tnt } (27) 


and similar expression for gn may be easily 
obtained by only replacing on and w, by the 
real and imaginary parts of Gn‘ respectively. 

If An!) =An"=An, above expressions for fn, 
£n become invalid. For this case, the solu- 
tions may be written as 


Tn=(Frn t+ Fr) exp (Ant) \ (28) 
Ln=(Gnrn™t+Gn) exp (Ant) 
where 
Dif il 
p=? ( )Fa” L S2eypGn'?) 
\RA R a 
2 il il 
Gr = —an Fy! EAR = Jen? 
eee aR oh, 


samt(t ty 
4 R R m 
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Two arbitrary constants Fn'?), Gn'®) are deter- 
mined by the initial conditions (24) as follows: 


Fx =—Mp 
Seem 


(29) 


$4. Special Cases 


We shall here examine some limiting cases 
‘of the preceding solution as for the parame- 
ters R, Rm and s?. 

i) Roo 

In the limit foo, fluid velocity becomes 
constant and uniform. 

All the fluid motion dies out for f-co and 
anew equilibrium condition is attained mo- 
notonically or in damped oscillation according 
to the value of 2». 

ili) Rm—>co and R-> oo 

For this case we may find an analogy with 
vibrating string under uniform gravity. That 
is, the displacement of the fluid particles or 
of the line of magnetic induction corresponds 
to that of the string, A/p to gravitational ac- 
celeration g and B,?/o4 to the tension of the 
string divided by the linear density. 

iv) Rm-0 

This is the case of purely viscous flow. 
The flow approaches the so-called plane 
Poiseuille flow monotonically. 

v) Rm-0 and s?Rm=finite 

Applied magnetic field does not change and 
remains uniform, but the flow is affected by 
the magnetic field and approaches a modified 
Poiseuille flow monotonically. 


§5. Numerical Calculations 
Numerical calculations of the velocity dis- 
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tribution and of the displacement of line of 
magnetic induction have been carried out for 
the case R=Rn=s?=1. The results are given 
bal [Die BP 


0.5 


0.25 


O 


uj; fluid velocity 


&= J Bx dy: displacement of line of magnetic 
induction 


Fig. 2. Fluid velocity and displacement of line of 
magnetic induction. 
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The electrical conductivity of an ionized gas is anisotropic in the pre- 


sence of magnetic field (Hall effect). 


The conductivity is expressed by 


a tensor in the same form for both fully and partially ionized gases. By 
the use of modified Ohm’s law and conventional magnetohydrodynamical 
equations the incompressible viscous flow between parallel plates under 
the transverse magnetic field is analyzed and an exact solution is obtained 


when the magnetic Reynolds number is small. 


The numerical results 


reveal a remarkable effect of anisotropy of conductivity. The acceleration 
and deceleration of viscous ionized gas under combined electric and 


magnetic fields are also calculated. 


Introduction 


$1. 


The effect of transverse magnetic field on 
the flow of electrically-conducting fluid in 
a two-dimensional channel has been treated 
theoretically by Hartmann”. He has obtained 
an exact solution of magnetohydrodynamical 
equations of viscous incompressible fluid. 
The theoretical results showed a fair agree- 
ment with experimental results obtained by 
Hartmann and Lazarus”. It is obvious that 
nothing is to be added to Hartmann’s result 
as far as the fluid remains ohmic and of 
isotropic conductivity. These two conditions 
hold for the liquid metal, but they do not 
hold for an ionized gas in many cases. The 
mechanism of conduction in ionized gases is 
different from that in metallic substances. 
The electric current in ionized gas is usually 
carried by electrons which undergo successive 
collisions with other charged or neutral parti- 
cles. Exactly speaking, the ionized gas is 
not an ohmic conductor. The current is not 
proportional to the applied potential except 
when the electric field is very weak. The 
conventional magnetohydrodynamical treat- 
ment is no more valid under the strong 
electric field. In the second place, the con- 
ductivity of ionized gas is affected by the 
magnetic field. Due to the gyration and drift 
of charged particles the conductivity parallel 
to the electric field is reduced and the current 
is induced in the direction normal to both 
electric and magnetic fields. This phenome- 
non has been known as the “Hall effect”. 
The effect can be taken into account within 


the range of magnetohydrodynamical approxi-. 
mation. An example of Hall effect was shown. 
by Tani in the viscous flow in a square: 
channel*®. In the following treatment the 
proportionality of current and applied electric: 
field is assumed and the conductivity is ex-. 
pressed by a tensor instead of a scalar. A 
conventional magnetohydrodynamical calcu- 
lation is carried out for the viscous incom- 
pressible flow between two parallel plates. 
under the transverse electric and magnetic: 
fields. 

The author expresses his thanks to Pro-. 
fessor Itiro Tani for may valuable suggestions. 
Acknowledgement is extended to Mrs. M. 
Nakai who has carried out the numerical 
calculations. 


§2. Considerations on the Anisotropy of 
Conductivity 
Equations of motion and current for the 
steady flow of neutral fully-ionized gas are 
under proper assumptions expressed as? 


Jx B—Vp+ pvdv=0 (1) 


E+vx B+ E.—~jxB—7-=0 Cx 


00 
in which vectors, j, B and FE are the current: 
density, the magnetic flux density and the 
electric field, respectively. Also pf is the 
pressure, o the density, »v the kinematic vis- 
cosity, —e/c the electron charge in e.m.u. 
and m is the number density of ions which 
is equal to that of electrons. HH. denotes the 
equivalent electric field due to the gradient 
of electron pressure fe, namely, H.=(c/en)V pe... 
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‘The conductivity oo is defined as a coefficient 
of proportionality between the current density 
and the collision term in the equation of 
motion of charged particles as is shown in 
reference 4. From equation (2) the current 
density is expressed as 


Ji=o(H+ux B+ Ee), 
ah Rae ni 


B 
Jy =O E+ Ee) 


in which B is the magnitude of B, subscripts 
| and // denote component vectors normal 
and parallel to B, respectively and 


ie) Oo os 00°(cB/en) 
~ 1+0,%(cBlen)’ : 1+60%(cB/en)* 


The conductivity oo is defined in the absence 
of magnetic field and o; and o2 are the modi- 
fied conductivities parallel and normal to the 
direction of electric field, respectively, when 
the magnetic field is present. Using the 
mean collision time between ion and electron 
t, the conductivity is expressed as 


(3) 


O1 


nert 
00> 
CMe 


where me is the mass of electron. Substitut- 
ing this in the expressions for o; and oz, and 
using the gyration frequency of electron ow. 
(=eB/cme), we obtain 


00 
SS 
1+a.?t? 
OoWeT 
62=————_ 
1+a,?t? 


In the case of partially-ionized gas a similar 
simplified treatment gives the equation of 
current as?) 


E+vx B+E.—-“jxB 
en 


Vy He 
—B Ve =F = e = 
(etetZ J B E.xB=0 (4) 


i Ki 
in which f is the ratio of number density of 
neutral particles to the total number density, 
and 
1 i) i 


Ke= 5 k= 
WeTe 


ea 
2aiti’ 


w; is the gyration frequency of ions and rt, 

7; and t are the mean collision time between 

electron and neutral particle, ion and neutral 

particle and electron and ion, respectively. 
The above equation is reduced to 
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: 1 en 
~ BALA (tweet f2/1i)?} € 


s [ (ete te \e+ox B+ BB 
Ki 


Ji 


_(E+vx B+E).xB 
es ma «BY atet 2) + BE, \ (5) 


Ki 


In the absence of magnetic field this becomes 

a 1 
Cme A/t+1/te 

The conductivity o) might be defined as 


/ (1/r-+1/re) 


The magnitude of f?/«i=2f?wit: is estimated 
as follows. For the partially-ionized gas f? 
is of the order of unity. Since the gyration 
frequency of ions w: is equal to wm-/mi, witi 
is very small compared with unity unless the 
magnetic field is extremely strong and the 
gas is very tenuous. Therefore, f?/«: is in 
many cases very small in comparison with 
unity. Then, by neglecting small quantities 
the equation (5) is simplified as 


Ji=o0(F+vux B+ E.), 


is (E+ E:) 


en 
CMe 


do= 


—o(E+vxB+E),x% (6) 
in which 
Ci —— = 
1+o{1/(1/t +1/te)}? 
He. JoWe{1/(A/t +1/te)} 
1+a@?{1/(1/¢ +1/te)} 


The above expression for j agrees with that 
of fully ionized gas when rt. approaches in- 


finity. The generalized forms for o: and o. 
are 
os gp 
Las ; 
(7) 
Ook 
02> 
l+a? 


When the tensor notation is used for the 
conductivity as o=(o0i;), the current density is 
expressed by 

J=o(E+v+B+E.) 


Taking the direction of magnetic field as 
the y-axis the conductivity tensor becomes 


O1 0 02 
o-( 0 do 7 (8) 
—62 0 O1 
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$3. Fundamental Equations for the Flow 
between Parallel Plates 


The viscous flow of ionized gas between 
two parallel plates is considered. Fig. 1 shows 
the co-ordinate system. The x-axis is taken 
in the direction of hydrodynamic pressure 
gradient in the plane parallel to the channel 
walls—not in the direction of flow. A paral- 
lel, uniform magnetic field By is applied in 
the y-direction. The height of channel is 
denoted by 2h and the width is assumed to 
be very large compared with 2h. 


Bigwl. 


The co-ordinate system. 


Following assumptions are made. 

1. The density of gas is everywhere constant. 

2. The ionization is in equilibrium which is 
not affected by the applied electric and 
magnetic fields. 

3. The effect of space charge is neglected. 

A. The flow is fully developed and stationary, 
that is 0/Ox=0, 0/Ot=0 except O0p/0x+0 

5. The magnetic Reynolds number Rm is 
small, namely, the induced magnetic field 
is small compared with the applied field. 
Therefore, components in the conductivity 
tensor are expressed in terms of Bo. 

‘6. The flow is “two-dimensional”, namely, 
0/0z=0. 


The fundamental equations to be solved are 
-equations (1) and (2) together with continuity 
‘relations 

div v=0, div j=0 

Boundary conditions are v=0 at y==th. 

The fundamental equations are simplified 
‘by above-mentioned assumptions and boundary 


konditions as 


ODL jyre thant du 
Ox [2 (1 ral Waar 


+B [—oi(Ez+uBo) +o:(Ez—wB»)] =0 
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5b 02 


a aw 
Ox 00 


dy’ 
+ Bolo EF.—wBo)+o2(E:+uBo)|=0 

in which s=p-/p is the ratio of the electron 
pressure to the total pressure. The value of 
s is 1/2 for neutral fully-ionized plasma and 
approximately zero for weakly-ionized gas. 
u, w and Ez, Ez are x- and z-components of 
velocity and electric field, respectively. The 
conductivity is expressed by the equation (8). 

In order to make above two equations non- 
dimensional, the characteristic length hk and 
velocity up,=-—(O0p/Ox)\(h?/ve) are introduced. 
For the simple Poiseuille flow, the mean ve- 
locity over the cross-section is 1/3 in uw» unit. 
Using the same notations u, w for u/up» and 
w/uy and y for y/h, we obtain non-dimensional 
equations: 


+0 


2 
pela ane 5 eS ah pyre 
aye “66 on 
Cm) 
2 
pee od +2 2 me—w) +2 Ha2(metu)=0 
dy? do 00 
(10) 
in which 
k=1—s( 1-24) | 
do 00 
Mz = Ee = 
; Bottp Botty 


and the Hartmann number A, is defined as 
a= By?h?oo/vo 
When w is eliminated from equations (9) 
and (10), a fourth order linear differential 
equation is obtained for zw. Considering 
boundary conditions, the solution is in a form 


u=A:cosh py cos qgy+ A: sinh py sin gy+Ci 


in which 
p= Ha (Vor+o2to yr 
VY 2\ oo 
tha VaatbakctinN 
: V2, 00 
pe 6o(k101—k202) 
Civ= Mz+ Hi2(o12 +022) 


The solution for w is 

w= Az cosh py cos qgy— A: sinh py sin gy+Cz 
with 
oo(ki02+k:201) 


C2=Mz+ Hiro +6:°) 
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"Coefficients A; and A: are determined from 
boundary conditions as 


hs —C,: cosh p cos q+C: sinh p sin q 
; sinh? p+ cos? g 


—C; sinh p sin g+C: cosh p cos g 
Ag=— ee eeort 
sinh? p+cos? g 


The non-dimensional electric field mz and 
mz are to be determined by boundary condi- 
tions at large x and z. 

The mean velocity over the cross-section is 
given by 

1 1 
n=\ udy, w=\ may 
0 0 

In the solution obtained above w has non- 
zero values varying in the y-direction. There- 
fore, side walls at large z must have a shape 
which is adapted to the flow direction there. 
This is not a realistic configuration. The 
present solution is considered to be useful at 
the central part of a very wide channel and 
for the flow between two concentric cylinders 
which have a very large radius compared 
with the gap of both cylinders. 

Another solution is obtained under the con- 
dition, w=0 instead of 0/Oz=0. If 02u/Oz? is 
neglected compared with 0?xu/0y?, the solution 
for u is the same as that obtained by Hart- 
mann except the reduction of Hartmann 
number due to the reduction of conductivity 
by the magnetic field. The hydrodynamic 
pressure gradient 0p/0z appears for balancing 
the magnetic pressure. This solution was 
first suggested by Yoichi Mimura®. There is 
no reason to reject the flow pattern of this 
kind. However, it is obvious that the as- 
sumption 0/0z=0 is more general than w=0 
everywhere. 


$4. Calculated Results 


Numerical results on the effect of trans- 
verse magnetic field are presented here for 
two cases, one for insulated side walls and 
the othe!, for short-circuited conducting side 
walls. 


When the side walls—walls at large distance 
in z-direction—are made of the non-conducting 
material, the induced electric current does 
not go out of the channel but circulates in 
the fluid. Therefore, an additional condition 
for the current is 
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7 
0 


If the insulation at large x is also assumed, 
another relation is obtained as 


| jndy=0 
0 


These conditions of insulation at large dis- 
tance are physically realized for instance, 
when the flow of ionized gas is surrounded by 
the cold non-conducting gas. 

Constants in the solution are determined 
by these two conditions. Solutions for u, w, 
je and jz are all independent of the partial 
pressure of electron gas s. 


HARTMANN NUMBER Ha 


HARTMANN NUMBER We 


Fig. 2. Mean velocity. Insulated walls. “% and w 
are non-dimensionalized by wp. Ha=BohV oo/vo 


Numerical results are shown in Fig. 2 in 
which w and w are plotted against Hartmann 
number Ha based on the conductivity in the 
absence of magnetic field. The effect of 
magnetic field on the volume flow at a given 
pressure gradient becomes less remarkable 
as @ is increased. This fact is easily under- 
stood by considering the more reduction of 
conductivity in the direction of induced elec- 
tric field for larger a. The reduction of 
conductivity corresponds to the decrease of 
Hartmann number. The magnitude of @ be- 
comes large as a@ is increased but w never 
exceeds # for the same values of a and Hg. 

Fig. 3 shows the velocity distribution u and 
w. Since velocity components are non-dimen- 
sionalized by up, the velocity on the centre- 
line for Poiseuille flow (Ha=0) is 0.5. As @ 
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is increased, the deviation from the pure 
Hartmann flow becomes remarkable. The 
velocity gradient at the wall (y=+1) remains 
unchanged for uw and is kept to be zero for 


U os 


Hat0 


ae 
\ 


Ha®2 


' 
°o 
S< 


B ao 


Velocity distribution. Insulated walls. 
Hartmann’s calculation. 


Rig: 3; 
Broken line: 
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w for all values of a and H,. This fact is 
of some physical interest. The shear flow 
having a zero velocity gradient at the wall 
is known as being very unstable—in other 
words, there is a great possibility of transition 
to turbulent flow. Even if the distribution of 
u is stable for external disturbances, the 
whole layer may become turbulent when the 
distribution of w is the unstable one. A 
similar situation has been pointed out on the 
three-dimensional boundary layer along a 
swept-back wing. Thus, it is expected that 
the Hall effect in ionized gas destabilizes the 
laminar flow. 

When the side walls are made of conducting 
material and short-circuited by an external 
conductor, the induced electric current flows 
out of the channel. In this case no electric 
potential exists between side walls. If we 
assume the zero electric field also in x-direc- 
tion, we have 


Mz=0 i Mmz=0 


These conditions are realized, for instance, 
for the flow between two concentric cylinders 
under the radial magnetic field with the 
pressure gradient parallel to the axis of 
cylinder. 


) 5 10 15 
HARTMANN NUMBER = He 
Fig. 4. Mean velocity. Conducting walls. s=0 
um and w are non-dimensionalized by wy. 


Using above relations, # and w are calcu- 
lated by the same procedure as the case of 
insulated walls. For conducting walls, the 
velocity distribution depends on s. Fig. 4 
shows numerical results on # and w for s=04 
—weakly-ionized gas. The effect of deceler- 
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ation due to the magnetic field is more re- 
markable than the case of insulated walls, 
although the general trend of curves is the 
same. Results for s=1/2—fully-ionized neu- 
tral plasma are shown in Fig. 5. The more 
reduction of mass flow is obvious for both u 
and w. In this case the limiting value of a 
at Ha=0 is not equal for various values of a. 


HARTMANN NUMBER H, 


aes 
oy 


=O.4 


Riga: 


Mean velocity. Conducting walls. s=1/2 
‘The lateral component w starts from non- 
zero negative value and becomes positive at 
a certain Hartmann number. These situations 
are made clear by considering the effect of 
electton pressure in the case of vanishing 
magnetic field. The electric field induced by 
the pressure gradient of electron gas is ex- 
pressed by E.=(c/enVp. and the current 
density vector je has components as 
a) 
00 


ou s Op o2 Ss. SOP 
Je: aan De a Ter At 
Baw iinds By Ox 

hence the electromagnetic body force is 

eX Bo: (ieee a 0, eon) 

oo / Ox oo Ox 

Since 0p/0x is negative, both components 
are negative and moreover they are inde- 
pendent of field strength as far as o:/o) and 
.62/¢)9 remain constant. This means that the 
electromagnetic body force is present in the 
limiting case of vanishing magnetic field. 
Thus « at H.i=0 is reduced as a is increased 
and w at H.=0 has a negative value. On 
the other hand, when B is exactly equal to 
Zero, 61=00 and o2:=0, hence the electromag- 
netic body force is zero. 
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In the case of conducting side walls the 
velocity gradient at the wall is dependent on 
a and Ha. for both uw and w. The gradient 
for w is not zero in contrast with the case 
of insulated walls. 


§5. Considerations on Power Generation and 
Acceleration by Crossed Electric and 
Magnetic Fields 


As shown above the transverse magnetic 
field decelerates the flow of ionized gas. 

On the other hand, the electric power can 
be taken out when the side walls are made 
of conducting material. The total current in 
the z-direction is expressed by 


lef a ys [ape oo —— Sa" 
j=| fed y =O yBrs yg ( i+ a+) 
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FLOW 
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O 


= 


z 
as 
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ACCELERATION DECELERATION 


-3 
B =) 

Fig. 6. Acceleration and deceleration due to com- 
bined electric and magnetic fields. 
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It is obvious that the Hall effect reduces the 
current output. When an external electric 
field is applied normal to the pressure. gradient 
and magnetic field, the flow is either acceler- 
ated or decelerated depending on the direction 
of the field. Some examples of mean velocity 
u in the presence of transverse electric field 
are shown in Fig. 6 in which E, is assumed 
to be zero and s is set to be zero. The flow 
rate can be several times that of simple 
Poiseuille flow or can be made zero with 
a proper choice of strength of electric field. 

Here arises a serious question. Even if the 
magnetic Reynolds number is small when 
the external electric field is not applied, does 
the same assumption hold for the large value 
of m-? The answer for this is following. 

The magnitude of applied electric field is 
roughly mz times the field induced by the 
flow. Therefore, the current, the magnetic 
field induced by the current and the magnetic 
Reynolds number in the presence of applied 
electric field are mz times those in the absence 
of external field. Unless mz is too large, 
the magnetic Reynolds number is still small 
and the present procedure of calculation is 
valid. 

The voltage which makes #=0 may be 
termed “choking voltage”. It decreases as 
Hartmann number is increased. At the choke 
condition, there is no net flow in x-direction 
but this does not necessarily mean that the 
flow speed is zero everywhere. In general, 
there exist the flow in z-direction and a local 
“flow in x-direction. When a=0, uw and w are 
everywhere zero at choking condition. For 
non-zero value of a, the fluid near the center 

of channel moves against the hydrodynamic 
pressure gradient whereas the fluid near the 
wall flows along the pressure gradient. A 
-complete choking——u=0 everywhere——is 
realized at the infinite Hartmann number, for 
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instance, for the inviscid flow. 


$6. Concluding Remarks 


The electrical conductivity of ionized gas 
under the magnetic field is expressed by 
The investigation based on a sim- 
ple model of ionized gas has ascertained the 
validity of tensor expression for both fully 
ionized and partially ionized gases. An in- 
compressible, viscous channel flow has been 
analyzed: by introducing the tensor conduc- 
tivity under the condition of small magnetic 
Reynolds number. An exact solution has 
been obtained, for the velocity as well as the 
electric current in cases, of insulated and 
conducting side walls. . The numerical results 
reveal the decrease of.retarding effect of the 
transverse magnetic: field for larger rate of 
anisotropy. of ‘conductivity. The magnitude 
of velocity component normal to the hydro- 
dynamic pressure gradient and the magnetic 
field becomes remarkable as the anisotropy 
of conductivity increases. A possible role of 
the lateral velocity component in the tran- 
sition to the turbulent flow has been pointed 
out. fix 

The acceleration of flow by combined elec- 
tric and magnetic fields is analyzed and 
numerical results are given. | 
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This paper deals with the flow of a viscous, incompressible and electri- 
cally conducting fluid past an inclined elliptic cylinder in a parallel 
magnetic field, making use of a perturbation method similar to Oseen 
approximation. Approximate formulge for the forces. experienced by 
the cylinder are obtained only to the lowest order of the Reynolds number 
and the magnetic Reynolds number. The drag and lift coefficients are 
then expressed as functions of five non-dimensional parameters, i.e., the 
Reynolds number, the magnetic Reynolds number, the pressure number, 
the thickness-ratio and the angle of incidence of the cylinder. Numerical 
calculations for the drag and lift coefficients as well as their ratio are 
carried out for various values of these five parameters. It may be noted 
in the numerical results that the angle of incidence of the cylinder at 
which the lift coefficient has a maximum value increases with the increase 
of the pressure number S when S<1, and the reverse is the case when 


Sel 


Introduction 


Ss 

In the present paper is discussed the flow 
of a viscous, incompressible and electrically 
conducting fluid past an inclined elliptic 
cylinder in a magnetic field, which is uniform 
and parallel to the uniform main stream at 
infinity. The similar problem in ordinary 
hydrodynamics has been discussed by Imai” 
and Hasimoto?) on the basis of Oseen’s line- 
arized equations of motion. In the present 
problem, however, the fluid is electrically 
conductive and flows in a magnetic field, so 
that the effect of interaction between the 
motion of the fluid and the magnetic field 
should be taken into account. Hence, we 
must solve simultaneously the hydrodynamic 
equations and the magnetic equations, viz. 
the modified Navier-Stokes equation and the 
Maxwell equations combined with the equation 
of continuity and the equation called Ohm’s 
law, respectively. 

Recently, the problem of the hydromagnetic 
flow past a fixed body in a parallel magnetic 
field has been treated by Yosinobu®) by the 
use of a perturbation method similar to Oseen 
approximation in ordinary hydrodynamics. It 
is shown in his paper that the electric field 
must vanish throughout the whole field in the 
case of two-dimensional flow and that both 
the modified Navier-Stokes equation and the 


magnetic equation may be linearized by 
neglecting square and higher order terms of 
the perturbed velocity uw and the perturbed 
magnetic field h, which are assumed to be 
small compared with the uniform velocity 
U, and the uniform magnetic field Hy at in- 
finity, respectively. Hence, for the present 
problem, we can start from his linearized 
fundamental equations expressed in non- 
dimensional forms. 


The approximate expressions for the drag 
and lift coefficients, Cp and Cz, are obtained 
only to the lowest order term with respect 
to the Reynolds and the magnetic Reynolds. 
numbers. They are expressed as functions. 
of five non-dimensional parameters, viz. the 
pressure number S, the thickness-ratio ¢ and. 
the angle of incidence of the cylinder a, in 
addition to the Reynolds number R and the. 
magnetic Reynolds number Rm. 

Numerical calculations for Cp, Cr and their 
ratio Cz/Cp are carried out for various values. 
of the parameters R, Rm, S, t and a. The 
angle of incidence a; at which Cr has a maxi- 
mum value as well as the angle of incidence 
@r at which Cz/Cpy has a maximum value are 
numerically computed only for a flat plate. 
Some remarkable effects of the presence of 
the magnetic field are found in the numerical 
results and may be summed up as follows: 
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{1) Cy, Cz and C;z/Cp decrease with the in- 
crease of S when S<1 and the reverse is 
the case when S>1. (2) az increases slightly 
ttowards 45° with the increase of S when 
S<1 and the reverse is the case when S>1, 
and a@r, too, behaves in like manner. 


§2. Fundamental Equations 


Let us consider the two-dimensional steady 
flow of viscous, incompressible and electrically 
conducting fluid past an inclined elliptic 
cylinder in a magnetic field, which is uniform 
and parallel to the uniform main stream at 
infinity. We take the rectangular coordinates 
<x’, y’) in the plane of fluid motion in such 
a way that the origin coincides with the 
centre of the cylinder and the x’-axis is 
parallel to the uniform main stream at in- 
finity. As the fundamental equations for the 
present problem, we here adopt a system of 
linearized equations which has been proposed 
by Yosinobu®). For the field outside the 
cylinder they can be written in the following 
non-dimensional forms: 


Ou Op 

ba Pek EEN iL 
Ra Be +Au , C1) 
je — OP hy + MA g—v) ; (2,) 

Ox oy 

Og _ Of 

——* =Rr(—v+g), (3) 

Ox dy te) 

Ou Ov 
ag gla ny (4) 
Ox F} oy 

Of , Og 
LE Se (5) 
Ox c Oy 


where (x, y) are the non-dimensional rect- 
angular coordinates referring to a character- 
istic length of the cylinder, Lo, (u, v) and 
(f, g) the x- and y-components of the per- 
turbed velocity u/U, and the perturbed mag- 
netic field h/H. respectively, p the non- 
dimensional pressure, and A stands for 
&/0x?+0:/0y?. The system contains three 
independent non-dimensional parameters, the 
Reynolds number R=L.U,/v, the magnetic 
Reynolds number Rn=0eLoUo, the Hartmann 
number M=(o-/ov)*/?Lo“Ho=(SRRm)'?, where 
0, Y, d and y# are the density, the coeffieient 
of kinematic viscosity, the electric conduc- 
tivity.and the magnetic -permeability of the 
fluid, respectively, and S=H.’/eU0’ is the 
pressure number. 
On the other hand, the governing equations 
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for the magnetic field inside the cylinder can 
be written in the following non-dimensional 
forms, since no electric current exists there: 


OE re Ory 
Ox dy 0, ce) 
Ojo ORS 
Ox oy ie Py 


where (f*, g*) are the x- and y-components 
of the perturbed magnetic field inside the 
cylinder h*/H). Here and hereafter the 
asterisk (*) is added for the quantities inside 
the cylinder. The boundary conditions at the 
surface of the cylinder are the non-slip con- 
dition for the fluid velocity and the continuity 
of the lines of magnetic induction, and those 
at infinity are the uniformity of the flow and 
the magnetic fields. Thus we have 


Isep=O5 oso. ; 
me at the surface 
w= EL of the cylinder, (8) 
Ay =H* ’ 
“=T=f =g=0 at infinity, (9) 


where u* is the magnetic permeability of the 
cylinder, and the subscripts | and // denote 
the normal and tangential components of the 
magnetic field at the surface of the cylinder, 
respectively. 

Now, we introduce the stream function ¢~ 
and the magnetic stream functions % and 
2x*, sucy that 


Op Ow 
ut ay” Ans (10) 
0x 0x 
= ==, 11 
Ox* Ox* : 
Vee SO Aim 12 
f a 2 On? (12) 


which satisfy identically Eqs. (4), (5) and (7), 
respectively. Substituting (10), (11) and (12) 
into Eqs. (1), (2), (3) and (6) and carrying out 
some calculations, we arrive at the following 
three partial differential equations for ~, % 
and x*: 


af = 2h |] 4 = 2h |=0 , (13) 
Ox Ox 
af ages ppp iE ayy |=0 44) 
Ox Ox 
Ax*=0 , (15) 
where 
ki=iR+Rm+((R—Rn)?+4M}2] , ae 
ko=}[R+Rn—{((R—Rm)?+4M?} 7] . 
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Here, ¢ and % can be’ expressed by the sum 


of the solutions of ‘the son Gvsng three differ- 


ential equations: 


(B) (a = 2-2 Vig 2) =t. 
ey) (a a 2h Vib 2) =0 


A(di, %3)=0.° © 
Since the flow field and the magnetic field 
are both uniform at ‘infinity, @' and X can 
now be written down in the forms: > 


p=ythitdetds., \ 
C3 : MIS WHS HENS SN ON 
Integrating Eq. (3) once with respect to x by 
making ‘use of (17), we can readily find the 
following relations between # and %: 


(17) 


(18) 


(19) 
Py=As 


Thus, “we have obtained’ ‘the set of linear 
differential equations (15) and (17) to be 


O2,...oe an 
FE i On? 

oO? oO? 
aa 7 7"? 


Lae * Ep 


respectively. 
infinity are 


fo 
\ 
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2¢?(cosh? E—cos? ” [e*$.)=0 t 


2¢?(cosh? £—cos? 1) [(e-**d2)=0 : \ 


Had las nto GaMXE, pe? 
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solved with the boundary conditions (8) and) 
Cie oe wenn * 
§3. Solution for an Inclined Elliptic Cylinder’ 
_ Now, we introduce the elliptic coordinates. 
(E, y) related with (x, y) by the equation: | 
Eiv= ce_t# cosh (E+i7) , (20). 
where @ is the angle between the uniform 


flow and. the major axis of the ellipse. . Then,. 
the surface of the .elliptic cylinder is given, 


by €=&. Taking the major diameter of the, 

ellipse asthe characteristic length Io, the. 

non-dimensional « constant c in (20) ds eX:; 

pressed as: ; meres 

~ Hte” _ 

(21) 

where 
o=e-fo. 


The thickness-ratio of the ellipse is then des 
fined as: ‘ 
lo 
1+o? ~ 

The fundamental equations in (17): are then: 
transformed into 


i= 2 


The eeneral solutions satisfying Eqs. (23) and the boundary conditions (9) at 


Cy) \ ee 
ds eee ie 1B, (E, ‘ane aoe (é, TAM | 4 \ (24) 
F co eg nE-£o) 2 
ps= Ae + Bont 2 ae Ad cos n+ Bi sin 77) , PirQ ary G18G 
/ a eae 
where = 
Fai(E, 2) =e FEKn'(E)cen(n), . (§1, 2) 
| GoM E, Os\. Ge ee Jong, Ae + 2 oe 
) eu Lea 0E 0E * ‘ wie (2) 


eS 


i} 


FAME, mod , 


and dn’s,bn'’s, An’s and Bn’s are constants to be determined’ by the boundary ‘conditions 
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(8). cen(7)’s are fundamental solutions, periodic in y with period 2z, of the Methieu equa- 
tion: 


; 
[ash aa? +R;*c? cos? 1) feen'*(a)=0 ; (26) 


where 2» is a constant of separation and takes a characteristic value for cen(y). They can 
be expressed in Fourier series as*): 


cei) (y)=(—1)™ = a0" WCOS 2D 7 | 

; (27) 
ces). (7)=(—1)" > algny” cos (26-+1)9 , 

= 


where a™’s and af™+»’s are constants depending on 24, and kjc?. On the other hand, 


FEK,'(€)’s are fundamental solutions of the associated Mathieu equation for the character- 
istic values of 4p in (26): 


E —(An' +B? cosh? g) [PEK »'(E)=0 | (28) 


and tend to zero as & tends to infinity. They can be expressed in series of products of the 
modified Bessel functions*’: 


co 


FEK!2)(&) = > AY” Ini) K (v2) 
ae p=0 
(29) 
BEKI? i) = Byem+n 23 ious [Ln(vi9) Kpsi(v2) — Invi )Kp(ve™)] , 
where 
w=thice , ve =3kice , 
12) =3|Relce-= , v2") =4|Relceé , (30) 
Avy =(— LB ates a ; Beni: =(— LP rrg a i a : 


The fundamental equation (15) for the magnetic stream function %* inside the cylinder is 
also transformed into (62/0E?+0?/0y?)x*=0. The general solution of this equation which is 
regular at £=0 is given in the form: 


y= A K+ Ss ——( An* cos 27+ Bn* sin ny)cosh nE , (31) 
n=1 H 


where An*’s and Bn*’s are constants to be determined by the boundary conditions. Apply- 
ing the boundary conditions (8) to the general solutions (24) and (31), we have 


ie) = A,+c(cos a sin 7 cosh &)—sin a cos 7 sinh £0) 
OE /e=, 


—3(An cos nn +Bn sin nn)+> s ieaG OF, Fa +Bni? Gn} | =0, 


E=fo 
ae = B,+c(cos a cos 7 sinh &)+sin a sin 7 cosh &) 
On f= 
J oo 2 : 2 : ; 
_3(An sin n7—Bncosnn)+>, > EG + Bn'°Gn'9} | zoe 
n=1 n=0 j=1 On £=£y 
(e sk ax* ae ea, +c¢(cos a sin 2 cosh &)—sin @ cos 7 sinh &) 
0& GF /s=6, : (32) 
~ : = 5 2k5 AR OILS OG | 
— 2An cos 77+ Bn sin nm) +S, > ( =o ies {an Fa? + bn Gn} = 


£5 c(An* cos ny +Bn* sin ny) sinh né,=0, 
n=1 
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Ce oe S| —By+c(cos a cos 7 sinh &)+sin a sin 7 cosh £o) 
€=£ 9 


) Co) —1 ) 
~S, (An sin m9 —Bp cos nn) +> DS (1 —e) [ py (nr + bn Ga} | 
n=1 n=0 9= 


Rm £=£p 


1 BL > c(An* sin n7—Bn* cos ny)cosh n&o=0 . 
n=l 


Expanding the terms [0F,”/0E]z-:, etc. in Fourier series: 


oe ) = Ais my (A‘? cos mnt+C'? sin my) , 
0E E=£p m=1 


) =BO+S: (BY? cos mn + Di‘? sin m7) , 
0& E=£9 m=1 (33) 
(ee ) = E+ > (EY cos my +Gi}) sin my) , 
Oy /e=£5 =u 
OGrn” 
( on 


) =FD+>) (FY cos my +H sin my) , 
E=£o m=1 


and equating to zero the coefficients of cosmy and sin my in (32), we have 


Ao +5 & (al AY +59 BY) =0 , 
n=0 j=1 
—g? 


SER ot a-o; 
2(1+0?) ties 


Amt.  (@PAQ+O9 BY) = 
n=0 g=1 
— But & 3 (aPC + DQ)= —F-c08 a Bim 


n=0 g=1 


Bot S GPER+O0OFD)=0, 
n=0 j=1 
B 15) > AQAED+HI RY) = — ee ng 
nv met a nim n nm 2(1 +02) Im 5 


Ant S 3 @PCY +0 HY) = —— sin a-dim , 
n=0 j=l 

pi Ue) Rnb (34) 

a QVAD+h°Bo)=—0, 

(a AY +59 BM) — An*e sinh mEy=—-—2— sin @- Om 

n mm n nm 2(1+.?) ’. 

il 


aS: s (1 = GC2)-b2 D@))— Bare sinh mEy=—-c0s abi , 


-1 
OP EY +09 FQ)=0, 


—o? 


RT Rae * 1 
QED +I R))— Bi» ¢ cosh te, 
( n nm n ey) L c COS mE 2(1 +0?) 


OS @:Oin, 


-1 * 
et (G2 +09 HD) + Am* “c cosh méo=— = sin As ee 
Le 


m 


where 41m equals 1 for m=1 and zero for m#1. Eliminating Am’s, Bm’s, Am*’s and Bn*’s 
in the above equations, we arrive at 


1961) 


m 
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[a(AD—GD)+09(Ba — Any = SDE 3, 


1l+o 


oo 2 , —1 * 
SSS | a {(1 mee shh cosh mE.A\) + sinh mE Ge) 


m 


=} * 
+H) {(1 = me) Bu cosh mE.BY) +sinh mEoHH\2)| =o. 


o 2 =4 * 
3 3 [aw {(1 saat -1}( 2 cosh mE CO) — sinh mE.EY) 
aS R. ; u nm 2m 


™m 


: -1 * 
+H) {(1 ee ais cosh m¥.D‘s}—sinh mEvF 2) |=0 


We shall now seek for a@n'%’s and bn’s for small values of k: and ko. 


0€ 
Gn 


OFn = o*| FEKw'€) tka 


Ox 
zp FEKa() Jee 


Ox 


1439 


(35) 


Using the relations 


(36) 


aE = Eke FEK.(6)| & ay cen(n)— cen’) | 7 etc, 

it is found that the Fourier coefficients A‘?)’s, B‘?’s etc. are of the order of k™-" for m>n, 
of k?-™ or k-™ for m=n+0 and of k-™ for m<n, and especially when m=n=0, Aj? =F{} 
=O(F°), Bii}=O(k‘) and E\3)=0. On the other hand, if the orders of an’s and bn'’s are 
all assumed to be &?"-', it is sufficient, so far as we are concerned with the first approxi- 
mation, to take only the following terms of the Fourier coefficients: 


AG=-1+0k%), — BY =O(8s), 


Eg =0, Fi =-140(9) , 
Asp =F M@Xl—2) A409) +08) 
sp = ISB S —oL.2+O(k)) 
Ci = SS UAL!) a} +0) 
Diy = — 72S [0,+0(8,), (37) 
Bip = RESRE a+ OKA, 
Fip= HOSE (Od1—ot) HL +08) +08, 


Gp = — BES" (0,400), 


_ kisina 
2(1+<0?) 


2.=-[r+In {ata} |: a=—-[r+In aa 


and 7=0.57721---is Euler’s constant . 


Hip= {21 +0?) +(1—o*)} +ORs)] , 


where 
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Thus, we can determine an'”’s and bn’s as functions of R, Rm, S, ¢ and a to the lowest. 
order of &: and kz, and on inserting the.constants thus determined into (34), the values of 
the constants Ay and B, can easily be obtained. Thus, 


(38) 


of 


Aes = : — Rmo*(ki— ke)? sin 2a 
uae 9 heo[{2( e121 — he. 22) — Rr Qi —22)}?— (ka — k2)2(1+04+20? cos 2a)] ’ 
B — Rm ki— hea)[{2(ki21— F222) — Rl 8i— 22) }— (ki—kz)(1 aeG cos 2a)| 
0 = 


hike [{2(Hi 2s — hee) — Rin 21—22)}* — (rhe) +o*+20? cos 2a)| 


which, to the first approximation, are independent of the ratio of the magnetic permeabilities. 


w/t. 


§4. Drag and Lift Coefficients 


Next, we shall proceed to the calculation of the forces experienced by the elliptic cylinder.. 
In the two-dimensional problem, they have been discussed in general by Yosinobu®) and have 


been written in the forms: 


D=— 


koBo , 


Thus, 
given by 


(ki—k2)[{2(R1.21 — 2.22) — 


RulGur Gal) (Biee 


ig MUD RAs : (39) 


in the present problem, using the values of A» and By as given by (38), they are 


kz)(1+o? cos 2a)] 


p= Raise) 
le PRES A 


Rr(21—22) Ph — 
o*(ki—k2)? sin 2a 


> 


ki—k:)?(1+o04+20? cos 2a 
(Ri—kz)*( 5° COs 2@) (40) 


ee {I BiQurho@s)= 


and the drag and lift coefficients, defined as Co 


Rnl(@1 — £2) — 


(ki—k2)?(1+ 04+ 20? cos 2a) ’ 
=D/(2oeU0?Lo) and Cz=L/(40U.?L»), become 


(41) 


(en 16z Ukics ko )[{2(ki2i— k2 2)— Rm(2i1— 22)}— (i= k2)(1+o? COS 2a)| 
Ii {2k 21—k222)— Rio 2 = kz)? dd +o0*+ 20? cos 2a) , 
Me 16z o*(ki—k:z)* sin 2a 
R  {2(k:21— R22) — Rm( 21 — 22)’ —(ki—ke)*(1 +04 +20? cos 2a)’ 


For the particular values of the parameters, 
the above formulae degenerate into various 
known results which have been obtained 
previously by several authors. 

(Il) Case of Rm=0 

Since the electric conductivity of the fluid 
is supposed to be zero when Rnu=0, there 
exists no current in the field, so that the 
flow field can be described just as in ordinary 
hydrodynamics. Putting Rm=0 in (16), we 
have ki=R/2 and k:=0, and the formulae (41) 
are reduced to 


ee 16z 2;—(1+0? cos 2a) 
” R 4Q2—(1+04+20? cos 2a) ’ 
: (42) 
oe 167 o*? sin 2a 
R 492—(1+0'+20? cos 2a) ’ 
where 2:=—[7y+In{R/8(1+o*)}]. It will readi- 


ly be seen that, to the first approximation, 


these results are in accordance with those 
obtained previously by Imai!) and Hasimoto?). 
(II) Case of S=0 

When S=0, in other words, when the 
magnetic field vanishes, the flow field can 
also be described by ordinary hydrodynamics. 
Putting S=0 in (16), we have ki=R/2 and 
ko=Rm/2, and the formulae (41) degenerate 
into (42) again. 
(II) Case of o=0 

When the thickness-ratio ¢ is equal to unity,. 
i.e., when o=0, the elliptic cylinder is reduced 


toa circular cylinder. Putting o=0 in (40),, 
we have 


16zpv U (Ri nn ke) 
~ (Rn =2ha)(1 +222)—(Rm—2k1)(1+22:) 
E=0: 


(43) 
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where 2; =—[r+In(\kj|/4)]. These formulae mation. Putting R=Rmn=0, but retaining 


coincide with those given by Yosinobu?’. to be finite in (16), we have fi=M/2 and 
(Iv) Chao oa piel Ree ih PT iW - k2==—M/2, and the formulae (40) are reduced 
to . 


When the velocity of the fluid is very 
small but the magnetic field is very strong D=8zpvU 2.02—(1 +a" cos 2a) 


so that the Hartmann number M=(RRn,S)!/? 4? —(1+o*+20? cos 2a) i a 
remains finite, the field may be dealt with by joe | U 6 sin 2a sie 
the so-called hydromagnetic Stokes approxi- a ” 4.22—(1+o'+20? cos 2@) 


Table I-1. Values of Cy for R=0.1, Ry,=—0.1 and t=0. 


Ss 0° 9° Loe Ze 36° A5e ail 63cn Wie 81° 90° 
| 
p 45.71 45.97 46.73 47.89 49.34 50.92 52.48 53.86 54.95 55.64. 55.88 
O01 | 45.71 45.97 46.72 47.89 49.34 50.92 52.47 53.86 54.94 55.63 55.87 
0.01 45.67 45.93 46.69 .47.85 49.29 50.87 52.43 53.81 54.89 55.58 55.81 
Onl 45.28 45.53 46.27 47.41 48.83 50.38 51.90 53.26 54.32 55.00 55.23 
0.3 44.28 44.52 45.22 46.30 | 47.65 49.12 50.57 51.86 52.88 53.52, 55.74 
0.5 43.00 43.23 43.88 44.90 46.16 47.54 48.90 50.11 51.06 51.67° 51.88 
0.8 39.88 40.07 40.62 41.47 42.54 43:70 44.86 45.89 46.70 47.22 . 47.40 
1.0 0) 0 0 0) 0 0 ore |W) 0 0 0 
.2 39.88 40.07 40.62 41.47 | 42.54 48.70 44.86 45.89 46.70 47.22 47.40 
1.5 43.00 43.23 43.88 44.90 46.16 : 47.54 48.90 50.11 51.06 51.67 ‘51.88 
2.0 45-71 45997 46.73, . 47.89 ' 49.34 450,92; ~52:48, -53.87-..54.95 1.55.64 -.55,88 
8.0 48:79 -49.09. 49.97 51.33 53.01 54.84 56.64 58.23 59.48 60.27 60.54 
5.0 OZ -ol 2 D2.07 53.71 55.31 § 57-28 “59.43%* 61.53" 63738" 2642859" 6574 66206 
10 Sida! 757.58 58:87 60585); 63.29 65.91 4268. 472% 70,026 F246 3156, 473594 
30 652897 66.55 68.42 71.25 EAB SESS SLY SNP IS BB SO! DB 
Table I-2. Values of Cp for R=0.1, R»=0.1 and t=0.1. 
S I gO. 9S sa 18° Be 36° 45° 54° 632 (23 81° . 90° 
0) oe 2 oe 40s DOROG mmole (2. Oo. 044 22 ee o 4 OD fOmmmO sOo 
OROOIN |) 47.315 E47 5Se SAshi7om 4901p eai50.37 0 SI aR SSe0See 54 21S E55: 13355. 72) bb 92 
0.01 AT 21 47.49 -A8512 349910 50532 Sab 660" 520988" 54 516.255 08m Boo.67 eook8i 
ORT IAG. 85) 247.07 47069 4865 49584 SINISE S2e45er 53 60 54 on 55.08 55.28 
0.3 Ie 45.78) 645.98 7 46957 8475485) 48.62 40s87e) SIeTOR. 52. 206153. 060 25S Ol) 58.79 
0.5 AAVAZ (A461) 45516. “462014 47708 489245 “49880 5042 2251-258 Pol 7a) Sbieos 
0.8 Al 15) 241.25 9 41671 “425431 43738 4aesiig 45e29% 466 ett 46. 8he04 7.29 Age As 
1.0 0) 0 0) 0 . O 0 0 0 0 On 6) 
eZ, AL OO) BAT 25 9 41871 422436Ig 43733 443 AD 29 46 1G 46.85 4729 ae 
eS 4A AQ VAR 61 45216 “46501 47.07 48224) 49739R8 50.42 151! 239 851.75. “5193 
(220) Bie Bo BAT 52 BASE, S405 S 50288 — Sidi 5oeO4er 54-2208 9 55: WAOb)o  ookee 
3.0 p< 150.62) 950.87 5162 2526766 54018 55e740 5727 58.63.1159.698 £60.37 —60R60 
5.0 | BA.A2)> 54.72 55.60 56.95' 58.63 GOR45: 622240, 63.83.1165.076.465.86 66513 
10 i 4 50.668 §60.03 |) 6le13 S62F811 64588 676128 69832 71.25.8072. (Os io.) AROS 
30 069.275 769.8200) esl 4973583976279 “79595, S81 0001 85.0620 187 .71R, 189.018 Segr44 
Table I-3. Values of Cp for R=0.1, Rm=0.1 and ¢=0.5. 
aS 0° 9° 18° Dif 36° 45° 54° 63° WR? Se 90° 
0 52 8] 752.91 53.20 53.64, 54.20 9154982) 55843" 55.98 “ D6F41 = 56.697" “56779 
‘0.001 59 8022 52.90 53.19 53.64 54.20 54.81 - 55.42. 55.97...56.41 -56.68 . 56.78 
0.01 BD 75ap 50.85) 53814 9 58.58) 54014 54276 55.37) 50.925 50.3599 96.03" 2 00.72 
0.1 BOI92 52.33 52.61 ~ 53.04) 53.59" ~“54519" 54-79" 55.33" 5b.75 56,02 "56.12 
0.3 50.90 50.99 51.26 51.67 52 Oma? WO 5SeGS 0 Doro4y (54a24 ee 54 504259 
0.5 49.292 49.31 49.56 49.94 50.43. 50.96. 51.49 51.96 . 52.34 52.58 52.66 
0.8 45.17 45.24 45.45 45.77 46.17 46.62 47.07 47.46 47.78 47.98 48.05 
1.0 ) 36 0 0 0 0 0 0 0 0 0 0 
12 | 45.17 45.24 45.45 45.77 46.17 . 46.62 .47.07 47.46 47.78 47.98 48.05 
Ike) 49.22 49.31 49.56 49.94 50.43 50.96 51.49 51.96 52 64 152,58 92.66 
2.0 52.81 52.91 53.20 53.64 “54.20 54.82. 55.43. °55 98 56.41 56.69 56.79 
S07 56. 96---57..07- -57.41.--"57.98, 58.59 59.31, 60.03 6008S 7 ol. 18 361.50 2461) 61 
5.0. | 61.81 61.95 62.35 62.98 63.76 64.61 65.46 662225 66.825) 67.20) = 67.00 
10 |: 68.66 .'68.84 69.34. 70.12. .71.10 72.17 73.22 74.16 74.91 75.38 75.54 
30 81.72 81.97: . 82.72 83.87 ..:85.29. 86.83 ~88 85 89.70 90:75 91.42 91.65 


| 
| 
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where 2=—[y+In{M/8(1+0*)}]. It can easily 
be confirmed that in the special case of o=1, 
these formulae are in agreement with those 
obtained by Hasimoto®» for a flat plate, who 
discussed a more general case in which the 
direction of the magnetic field is arbitrary. 
In the other special case of o=0, the formula 
for the drag is immediately reduced to 


(45) 


where 2=—[r+In(M/8)], which agrees with 
that for a circular cylinder as given by 
Yosinobu and Kakutani®. 


§5. Numerical Results 


Detailed numerical calculations for the drag 
and lift coefficients have been carried out for 
various values of the parameters, using the 
formulae (41). In order to avoid confusion, 
however, we shall give here mainly the re- 
sults for the case of R=Rm=0.1 for four 
different elliptic cylinders: ¢=0 (flat plate), 
0.1, 0.5 and 1 (circular cylinder). 


Table I-4. Values of Cp for t=1.0. 


S ite SA) Jie SI ee Oak 72 Ona 

Rm=1.0 Rm=0.1 Rm=1.0 Rm=0.1 
0 12.55 12.55 58.38 58.38 
0.001 12.55 12.55 58.37 58.38 
0.01 12.52 12.54 58.27 58.31 
0.1 12.23 12.44 97.22 57.68 
0.3 11.53 WPF) 54.61 56.06 
0.5 10.70 11.90 51.42 54.03 
0.8 8.95 11.24 44.24 49.19 

1.0 0 0 0 

1.2 9.07 10.83 44.91 49.19 
1.5 10.70 Halil 53.05 54.03 
2.0 12.55 11.34 61.45 58.38 
3.0 15.32 11.69 72.56 63.49 
5.0 19.20 12.33 87.19 69.59 
10 27.81 13.74 110.17 78.39 
30 —_ 18.08 162.17 95.89 


Table I gives the values of the drag co- 
efficient Cp and they are plotted in Figs. 1~ 
4. In Figs. 1, 2 and 3 the values of Cp are 
plotted against the pressure number S, the 
angle of incidence @ being 0°, 45 and 90° 
respectively. In Fig. 4 is shown the de- 
pendency of Cp upon the angle of incidence a 
in the case of a flat plate. Table II and Figs. 
5~6 give the value of the lift coefficient C, 
for the three elliptic cylinders, C, being 
evidently zero 
cylinder. Table III and Fig. 7 give the values 
of the ratio Cz/Cv for the three elliptic 
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cylinders. Fig. 5 gives the dependency of 
C, upon S at the angle of incidence a=45° 
and Figs. 6~7 show the variations of Cz 
and Cz/Cp with the angle of incidence a, 


0.0) 0.1 | 10 


Fig. 1. Drag coefficient Cp plotted against the 
pressure number S, for R=R m=0.1 and the 
angle of incidence a=0°. 


0,001 CO an 0.) ' 10 - 


Fig. 2. Drag coefficient Cp plotted against S, 
for R=R»=0.1 and a=45°, 


1961) 


Qoo! 


0.01 
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Fig. 3. Drag coefficient Cp plotted against S, 
LOL lens ands a— 90-8 
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Q° 


Fig. 4. 


case of flat plate (t=0). 


18° 


36° 


54° 


90° 


Drag coefficient Cp plotted against the 
angle of incidence a, for R=Rm=0.1 in the: 


Table IJ-1. Values of C, for R=0.1, Ry=0.1 and t=0. 

S OS 9° 18° aie 36° 45° BA 63° WP 81° 90° 
0 0 2.017 3.822 5.230 6.105 6.369 6.010 5.077 3.668 1022 0 
0.001 0 2.016 3.822 5.230 6.105 6.369 6.010 5.077 3.668 1.922 0 
0.01 0 2.012 3.821 5.229 6.103 6.367 6.008 5.076 3.667 1.919 0 
0.1 0 1.968 3.730 5.105 5.960 6.218 5.869 4.959 3.583 1.887 0 
0.3 0 1.859 33 4.824 5.634 5.881 52503; 4.693 3.393 1.778 0 
0.5 0 1.726 Su2io 4.484 5.238 5.471 5.169 4.370 3.160 1.656 0: 
0.8 0 1.431 2.714 Bia TVAl 4.352 4.550 4.303 3.642 2.636 1.382 0 
TEG 0 0 0 0 0 0 0 0. 0 0 0 
12 0 eaol 2114 Satan 4.352 4.550 4.303 3.642 2.636 1.382 0) 
ib) 0 1.726 BAS 4.483 5.238 5.471 5.169 4.370 3.160 1.656 0 
2.0 0 2.017 3.822 5.230 6.105 6.369 6.010 5.077 3.668 1.922 0 
3.0 0 2.388 4.523 6.184 7.209 7.510 7.077 5.971 4.310 2.256 0 
5.0 0 2.876 5.442 7.430 8.647 8.991 8.458 7.124 5.136 2.687 0 

10 0 3.671 6.935 9.448 10.964 11.367 10.662 8.958 6.446 3.368 0 
30 0 5.592 10.529 14.266 16.449 16.935 15.777 13.179 9.440 4.918 0 
Table IJ-2. Values of C,; for R=0.1, Rm=0.1 and t=0.1. 

SS 0° g° 18° Pat 36° ADS 54° 63° an 81° 90° 
0 0 1.710 3.243 4.442 5.190 5.421 5.122 4,331 33, By? 1.641 0 
0.001 0 1.710 3.242 4.441 5.189 5.420 5.120 4.330 Bolo 1.641 0 
0.01 0 1.706 Ba200 4.432 5.178 5.408 5.110 4,321 Do dle) 1.638 0 
0.1 0 1.668 3.164 4.334 5.065 5.291 4°999 4.228 3.058 1.603 0 
0.3 0 1575 2.986 4.092 4.784 4,999 4.725 3.998 2.892 1.516 0 
0.5 0 1.461 Pe teip 3.799 4.443 4.645 4,392 Bo MIL 2.690 1.410 0 
0.8 0 1.208 2.292 3.144 3.680 3.851 3.645 3.088 2.236 173 0 
120 0 0 0 0 0 0 0 0 0 0 
12 0 1.208 2.292 3.144 3.680 3.851 3.645 3.088 2.236 Ielze 0 
1) 0 1.461 Dei 3.788 4.443 4.645 4,392 Saale 2.690 1.410 0 
2.0 0) 1.710 3.243 4.442 5.190 5.421 Dele 4.331 Sal3Z 1.642 0 
3.0 0 20a 3.848 5.267 6.147 6.412 6.051 yeatilal 3.693 1.935 0 
5.0 0 2.453 4.644 6.348 7.399 7.706 7.260 6.124 4.420 2.314 0 

10 0 3.143 5.944 8.109 9.428 9.793 9.203 7.746 5.581 2.918 0 
30 0 4.824 OnOOGM ea eoo0mel a 277) 14.739" 13.769" 11.527 8.272 4.314 0 


| 
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Table Il-3. Values of C; for R=01,_h,,=01) and 7—0'o.. 


S 0° 9° Ase Dye 36° 45° 54° 63° We 81° 90° 
0 | 0 0.794 enOn 2.070 2.426 2.43 2.411 2.045 1.483 0.778 0) 
0.001 0 0.793 1507 2.069 2.426 PAs 2.411 2.045 1.482 0.778 0 
0.01 0 0.792 13503 2.065 2.420 2 O37, 2.405 2.040 1.479 Ona. 0 
0.1 0 0.773 1.468 2.016 2.364 2.478 2.349 1.993 1.445 0.759 0 
0.3 0 0.727 1.381 1.897 2.224 The yA 74 PAY 1.876 1.361 0.714 0 
0.5 0 0.672 1276 1753 2.056 AMIS) 2.045 1.786 1.259 0.661 0 
0.8 0 0.550 1.045 1.436 1.684 12767 1 1677 1.424 1.033 0.542 0 
1.0 0 (0) 0 0 0 0 0 0 0 0 0 
ie 0 0.550 1.045 1.436 1.684 1.767 W6r7 1.424 1.033 0.542 ) 
jes) (0) 0.672 1.276 eos 2.056 2.156 2.045 1.736 1.259 0.661 0 
2.0 0 0.794 1.507 2.070 2.426 2.543 Zeal: 2.045 1.483 0.778 0) 
3.0 4 0.952 1.808 2.482 2.907 3.046 2.886 2.446 Was 0.930 0 
5.0 0 1.164 2.210 3.031 3.549 3.114 3.516 2.979 Zalon TiS? 0 

10 0 1.518 2.880 3.947 4.614 4.823 4.560) Wf <3..354 UM 1.464 0 
30 0 Tea 4,568 6.245 7.278 7.582 7142 6.027 4,350 VW A hs) 0 
12 
12 
10 
9 
8 
6 
6 
4 
S=0.8 and 1,2 
> 
7A 
ce) . 
0.00} 00! (o}] | 10 oF 18° 36° 54° ver 90° 
Fig. 5. Lift coefficient Cz plotted against the Fig. 6. Lift coefficient Cz plotted against the 
pressure number S, for R=R,»,=0,1 and the angle of incidence a, for R=R,=0.1 in the 
angle of incidence w=45°. case of flat plate (t=0). 
Table IIIJ-1. Values of C;/Cp for R=0.1, Ryn=0.1 and t=0. 

Ss 0° 9° 18° ails 36° 45° 54° 635 Ge 81° 90° 
(0) 0 0.0439 0.0818 0.1092 0.1237 0.1251 0.1145 0.0943 0.0668 0.034 
0.001 0 0.0439 0.0818 0.1092 0.1237 0.1250 0.1145 0.0942 0.0667 Mon : 
0.01 | Os: 0.04380" 0.0817; 0.10915) 0.1236>: 0.1249) 0.1144°e 0.09419" @. 0667 | 0.03456 0 
(Oa 0 0.0432 9.0806 0.1077 0.1221 0.1234 0.1131 0.0931 0.0660 0.0341 0 
ORS 0 0.0418 0.0779 0.1042 0.1182 0.1177 0.1098 0.0905 0.0642 0.0332 0 
0.5 | 0 0.0399 0.0746 0.0999 0.1135 0.1151 0.1057 0.0872 0.0619 0.0321 ) 
aS : ea a Oee piande ake 0.1041 0.0959 0.0794 0.0564 0.0293 0 

p 0) 0) 0 0) 0 
2 0 0.0357 0.0668 0.0897 0.1023 0.1041 0.0959 0.0794 0.0564 0.02 

; . : : S : .029 
15 0 0.0399 0.0746 0.0999 0.1135 0.1151 0.1057 0.0872 0.0619 et : 
20 0 0.0439 0.0818 0.1092 0.1237 0.1251 0.1145 0.0943 0.0668 0.0345 0 
3.0 | 0 0.0487 0.0905 0.1205 0.1360 0.1369 0.1249 0.1025 0.0725 0.0374 0 
5.0 0 0.0546 0.1013 0.1343 0.1509 0.1513 0.1375 0.1124 0.0792 0.0409 0 
10 0 0.0637 0.1178» 0.1553:\ 0.1733'; 0.1725. 0.15571) 0.1267). 6.0800 0.0458 0 
30 0 0.0840 0.1539 0.2002 0.2202 0.2160 0.1926 0.1551 0.1081 0.0551 0 
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Table III-2. Values of C;/Cp for R=0.1, Rm=0.1 and t=0.1. 


S OS oF 18° Dil 36° 45° Onn 63° WB Silke 90° 
0 0 0.0360 0.0673 0.0904 0.1030 0.1048 0.0966 0.0799 0.0568 0.0295. 0 
0.001 0 0.0360 0.0673 0.0904 0.1030 0.1048 0.0966 0.0799 0.0568 0.0295 0 
0.01 0 0.0359 0.0672 0.0902 0.1029 0.1047 0.0964 0.0798 0.0567 0.0294 0 
0.1 0 0.0354 0.0663 0.0891 0.1016. 0.1034 0.0953 0.0789 0.0561 0.0291 0 
0:3 0 0.0342 0.0641 0.0862 0.0984 0.1002 0.0925 0.0766 0.0545 0.0283 0 
0.5 0 0.0327 0.0614 0.0826 0.0944 0:0963 0.0889 0.0737 0.0525 0.0273 0 
0.8 0 0.0293 0.0550 0.0741 0.0849 0.0869 0.0805 0.0669 0.0477 0.0248 0 
1.0 foot AO St 0 0) 0 0 0 0 0 Ort 0. 
12 0 0.0293 0.0549 0.0741 0.0849 0.0869 0.0805 0.0669 0.0477 0.0248 0 
Its) 0 0.0327 0.0614 0.0826 0.0944 0.0963 0.0889 0.0737 0.0525 0.0273 0 
250 0 0.0360 0.0673 0.0904 0.1030 0.1048 0.0966 0.0799 0.0568 0.0295 0 
3.0 0 0.0399 0.0746 0.0998 0.1134 0.1150 0.1057 . 0.0872 0.0619 0.0320 0 
Dao O 0.0448 0.0835 0.1115 0.1262 0.1275 0.1166 0.0959 0.0679 0.0351 0 
10 0 0.0523 0.0972 0.1291 0.1453 0.1459 0.1328 0.1087 0.0767 0.0396 0 
30 0 0.0691 0.1274 0.1673 0.1859 0.1844 0.1654 0.1346 0.0943 0.0485 0 
Table III-3. Values of C;/Cp for R=0.1, Rm=0.1 and s=0.5. 
S 0° O° 18° Die 36° ADS 54° 63° |: Ze 81° 90°. 
0 | QO 0.0150 0.0283 0.0386 0.0448 0.0464 0.0435 0.0365 0.0263 0.0137. 0 
0.001 | © ~0.0%50 ~0.0283- 0.0386 0.0448- 0:0464'. 0.0485 0.0365, 0.0263 *0.0137.-..0 
0.01 0 0.0150 0.0283 0.0385 0.0447 0.0463 0.0434 0.0365 0.0263 0.0137 0 
Ov: | 0 0.0148 ~ 0.0279 0.0380 0.0441 --0.0457 0.0429 0:0360 0.0259: 0.0135 0 
0.3 ' 0 0.0143 0.0269 0.0367 0.0426 0.0442 0.0415 0.0349 0.0251 0.0131 » Qi 
0.5 OM Os0L36 MONOZ5S a Of03ale080408 07042387 0L0397 (0203384 020241" § 020126 470 
0.8 Open OLOt220 020230 ee 0203145 10.0365, 62050379) BO R0356 O20300Is OFOZTO ma OLOrIS nO 
1.0 OF 0 0 0) 0 0 0 0 0 © 0 
igz On 0.0L22—-0..0230) 050314" 3.00865 0.0379" "0.0356 _0):0300" 020216" 020113" 0 
15 0 0.0136 0.0258 0.0351 0.0408 0.0423 0:0397 0.0334 0.0241 0.0126 0 
ZO 0 0.0150 0.0283 0.0386 0.0448 0.0464 0.04385 0.0365 0.0263 0.0137 0O 
3.0 0 0.0167 0.0315 0.0428 0.0496 0.0514 0.0481 0.0403 0.0290 0.0151 0 
5.0 0 0.0188 0.0354 0.048f 0.0557 070575 0:0537 040450 050323 0.01687 0 
10 0 0.0221 0.0415 0.0563 0.0649 0.0668 0.0623 -.0.0520 0.0373 0.0194 0 
30 0 0.0294 0.0522 0.0745 0.0853 0.0873 0.0809 0.0672 0.0479 0.0249 0 
Table IV. Values of a; for t=0 (degree). 
S Ee SU SUA) Tiel ada a 
dw; em BO) £4 ee) OSE R= V0 Ry=0 2 CL /Co G=30 
0 41.70 41.70 44.27 44.27 
0.001 ALT ABU SAAL 44.27 44.27 Q20 
0.01 41.72 ALT 44.28 44.28 
0.1 41.85 41.73 44.30 44.29 
0.3 42.22 41.87 44.37 44.33 
0.5 42.59 42.02 44.45 44.38 
0.8 ASsoS 42 34 44.59 44 48 ale 
1.0 -- -- = = 
12 43.32 42.53 44.57 44.48 
1S) 42.59 42.40 44.40 44 .38 
Za) 41.71 42.30 44.20 44.27 
33600) 40.07 42.12 43.89 44.20 
5.0 36.73 41.80 43.40 43.97 0.10 
10 Tey BYP 41.00 42.45 43.70 
30 — Sieg 39.32 42.91 
respectively, in the case of a flat plate. Q.05 
From these tables and figures, it will be 
seen that the drag and lift coefficients decrease 
with the increase of the pressure number S p 
when S<1, and the reverse is the case when 0° 6° 36° age 758 30° 
_S>1. Furthermore, it will be seen that the fig. 7. Values of Cz/Cp plotted against the angle 
drag coefficient increases monotonically with of incidence a, for R=R,=0.1 in the case of 


-the increase of either of the thickness-ratio flat plate (t=0). 
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or the angle of incidence of the cylinder and 
that the variation of the drag coefficient is 
very small. Whereas, the dependency of the 
lift coefficient on either of the thickness-ratio 


Tosio MIYAGI 


20°(ki— he)? 
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or the angle of incidence is remarkable. 

On the other hand, the angle of incidence 
@, at which the maximum lift occurs is, by 
(41), obtained from the equation: 


cos 2a,= 


(Rn 2k:) ~9.(Rm—2k:)}?— (ia) 


(46) 


In like manner, the angle of incidence @r at which C:/Cp has a maximum value is given 


by 


cos 2ar= 


The values of az and a@r have also been 
calculated only in the case of a flat plate, 
and the results are shown in Tables IV~V. 
@;, increases towards 45° with the increase 
of S when S<1, and decreases with the 
increase of S when S>1, as is shown in 
Figs. 6 and 7. a@r shows a similar tendency 
to az. 


Table V. Values of ar for t=0 (degree) 


S If =A) It nl ie SOG ih Sai 

Rm=1.0 Rm=0.1 Rm=1.0 Rm=0.1 
0 36.42 36.42 41.40 41.40 
0.001 36.43 36.42 41.41 41.41 
0.01 36.45 36.43 41.41 41.41 
0.1 36.69 36.51 41.48 41.46 
0.3 37.29 36.73 41.67 41.57 
0.5 37 .92 36.96 41.86 41.69 
0.8 39.26 37.49 42.33 42.02 
1.0 = == — — 
1.2 39.23 37.81 42.29 42.02 
158) 37.92 37.59 41.76 41.69 
2.0 36.42 37.41 41.20 41.40 
3.0 34.12 37.13 40.44 41.06 
5.0 30.04 36.61 39.40 40.65 
10 16.54 35.41 37.66 40.03 
30 = 31.25 33.14 38.47 


As we can see from the formulae (41), S=1 
is asingular point. This singularity is wholly 
due to the breakdown of the present pertur- 


Ws ner ar GA ke aehs) 
{22(Rm—2k2) —21(Rm—2k1)}—(Ri— ke) ] 


"4) N. W. McLachlan: 
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‘ 


bation method of solution at S=1, as has 
been discussed for a circular cylinder by 
Yosinobu®) and for a finite flat plate by 
Greenspan and Carrier”. 
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Molar Sound Velocity in Inorganic Melts and Solutions 


By S. V. SUBRAHMANYAM AND J. BHIMASENACHAR 
Physics Department, S. V. University, Tirupati, India 
(Received March 27, 1961) 


From an examination of the available ultrasonic and density data, in 
the case of eleven inorganic melts, the relation between the molar volume 
(M/o) and sound velocity, V, is found to be MV2/3/9=§S where S is a 
constant independent of temperature. The molar sound velocity S is 
found to be an additive property. The contributions of different ions to 
the molar sound velocity of a liquid have been evaluated. 

The variation, of V2/3/o with percentage weight of the solute in aque- 
ous solutions for a number of univalent electrolytes, is found to be 
linear. The linear plots are extrapolated to get the value of V2/8/p for 
100 percent of the solute. These values are multiplied by the respective 
values of the molecular weights of the solutes to give the molar sound 
velocity for the substance-Such extrapolated values have been found to 
correspond to the molar sound velocity of the substance in the liquid 


phase. 


Introduction 


§1. 


Higgs and Litovitz! showed that the ratio 
of the temperature coefficient of sound velo- 
city (dv/dt) to the temperature coefficient of 
density (do/dt) to be a constant and equal to 
1.5 for a series of inorganic melts rather than 
3 as in the case of organic liquids. This re- 
lationship can be written down as 

1/V dV/dt=3/2 do/dt 
where V is the sound velocity and op is the 
density. Integration and multiplication by 
molecular weight (M) leads to MV?*/3/o=S, 
where S is a constant independent of tem- 
perature. 

The present investigation has been taken 
up to verify the above relation and examine 
whether the molar sound velocity is an addi- 
tive function of the individual ions. The 
molten salts that have been chosen for the 
purpose constitute a set of inorganic liquids 
in which the intermolecular bonding is ionic 
in character. An attempt has also been made 
to correlate the molar sound velocity in the 
pure liquid with that in the aqueous solution 
of the substance. 


§2. Result and Discussion 


A) Molar sound velocity in molten salts 
Values of S, the molar sound velocity, at 
different temperatures have been evaluated 
for eleven melts and are given in Table 1. 
The sound velocity data used in these calcula- 
tions are taken from the work of Higgs and 


Litovitz’’ on lithium nitrate and Bockris and 
Richards” for the rest of the substances. The 
density data for the nitrates are taken from 
the International critical Tables®) and for the 
rest of the substances from the work of Yaffe 
and Artsdalen*’. In all cases, the molar sound 
velocity is found to be independent of tem- 
perature. 

We now propose to examine whether the 
molar sound velocity is an additive function 
of the individual ions. It can be taken to be 
an additive function of ions, if a relation of 
the following type is satisfied: 

SLiNO;= SLic1 + SNaNO3— SNaCl 

Use of the average values of S’s for these 
substances leads to 5.63=4.55+6.62—5.46 
(=5.71)— a clear demonstration of the addi- 
tive nature of the constants. Similar tests in 
other cases also reveal the additive nature of 
molar sound velocity. It can therefore be 
assumed that the positive and negative ions 
make contributions St and S~ to the total 
molar sound velocity S. 

The contributions of different anions and 
cations are obtained by the following process. 
Assuming an arbitrary value for the nitrate 
ion, the contributions of Nat, K* and Li* are 
calculated by subtracting this assumed value 
for NO;- from the corresponding values of S 
for NaNO:, KNO; and LINO;. Using these 
values for Nat, Kt and Lit, the contributions 
of Cl-, Br- and I- are evaluated from the S 
values of the corresponding halides. The 
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Table I, Molar Sound Velocity in melts. 
5 S ° S ° > T°C 
one 10¢ CGS Tae 10# CGS Tee 10# CGS 10¢ CGS 
LiNO; LiCl LiBr Nal 
260 5.64 780 4.54 600 4.43 700 5.99 
320 Ly Loy! 830 4.54 700 A AZ oe 800 6.00 
380 5.59 880 INES 800 4.45 900 6.02 
NaNO; 930 A LBS, 900 4.40 KI 
310 6.66 980 AN lake 1000 4,39 700 aon 
336 6.65 NaCl NaBr 800 Tsou 
362 6.63 810 5.46 800 ees! 900 Tade 
388 6.62 850 5.46 850 Sao 
414 6.60 900 5.46 900 502s 
KNO3 950 5.46 950 BeOS 
330 7.89 1000 5.45 KBr 
380 7.87 KCl 750 6.62 
430 7.83 780 6.65 800 6.63 
480 7.80 830 6.65 850 6.64 
530 Teeth 880 6.65 900 6.64 
930 6.66 950 6.64 
980 6.66 1000 6.64 
Table II. Contributions of different ions to the molar sound velocity of inorganic liquids 


(in 104 CGS units) 


Average value 


Substance Sex Smelt SE: SF if Gil Gass 

LiNO, bas 5.68 2.41 3.22 

NaNO; 6.97 6.62 3.40 3.22 Oe 
KNO; 7.78 7.90 4.68 3.22 

THEI = 4.55 2.41 2.14 

NaCl 5.85 5.46 3.40 2.06 ei} 
KCl 0.71 6.66 4.68 1.98 

LiBr 2 4.42 2.41 2.00 

NaBr 5.25 5.32 3.40 1.92 Bi) 
KBr 6.07 6.64 4.68 1.96 

Nal 5.70 6.00 3.40 2.60 2.62 
KI 6.32 7.31 4.68 2.63 1) 
CsCl a 6.62 4.52 2.10 4.67 
CsBr a 4.82 1.97 (Cs*) 


6.7 


assumed value for NOs~ is continuously ad- 
justed until consistent values for Cl-, Br- and 
I- are obtained. A value of 3.22 for the 
nitrate ion is found to give most consistent 
results, and the values of the contributions 
of different ions, arrived at on this basis, are 
given in Table II. The calculations are ex- 
tended to the case of CsCl and CsBr leading 
to an average S+ value of 4.67 for Cs. 

All the substances studied in this investiga- 
tion are univalent electrolytes and it will be 


interesting to see whether these simple rela- 
tions hold good in polyvalent electrolytes also. 
Experimental work on these lines is in pro- 
gress. 


B) Molar Sound Velocity in Solutions 


Investigations regarding the variation of 
sound velocity with concentration of a solute 
in one or more solvents often lead to inter- 
esting data characteristic of the solute. It is 
known®) that in many organic solute-solvent 
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systems, the plots of velocity Vs percentage 
weight are linear. In such cases the velocity 
for 100 percent of the solute can be evaluated 
by extrapolation of the graph. It has been 
found by the authors® that the extrapolated 
value is independent of the solvent and cor- 
responds to the velocity in the liquid phase 
of the substance (near the melting point). 

In the case of aqueous solutions of electro- 
lytes, the plots of velocity Vs percentage 
‘weight are very often non-linear. Even in 
‘cases where it is linear, the extrapolated value 
is found to be very much larger than the 
velocity in the melt. This discrepancy is 
possibly due to the large difference between 
the temperatures at which these substances 
exist as liquids and the temperature at which 
the extrapolated value is obtained. This dif- 
ficulty can be overcome by examining a pro- 
perty like molar sound velocity which does 
not vary with temperature. 

It has been shown in section A that in the 
case of inorganic substances the molar sound 
velocity is given by MV?/3/o. An evaluation 
of this constant cannot be made for an ionic 
solution since the significance of MW becomes 
hazy. As an alternative the variation of 
V 2/3/09 with percentage weight of the solute 
is studied in the case of a number of aqueous 
solutions of electrolytes, using the existing 
data’:®), It is found that the plots are linear 
-in all cases. 


Molar Sound Velocity in Inorganic Melts and Solutions 
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The linear plots are extrapolated to get the 
value of V*/*/o for 100 percent of the solute. 
These values are multiplied by the respective 
values of the molecular weights of the solutes 
to give the molar sound velocity for the sub- 
stance. Such extrapolated values are shown 
in column 2 of Table II. The agreement be- 
tween the extrapolated and experimental S 
values is good. This result indicates the possi- 
bility of evaluating the sound velocity in the 
melt from a knowledge of the variation of 
sound velocity and density in aqueous solu- 
tions of the substance. 


The authors take this opportunity to thank 
the authorities of Sri Venkateswara Univer- 
sity for all the facilities given to them. 
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Experimental Studies on Sonoluminescence and 


Ultrasonic Cavitation 


By Katsuo NEGISHI 
Kobayasi Institute of Physical Research, Kokubunjt, Tokyo 
(Received April 10, 1961) 


Using a miniature spherical hydrophone made of barium titanate, the 
individual cavity collapse was detected as a sharp impulse (0.5 us width) 
slightly after the pressure maximum of sound cycle. When may cavities 
collapsed simultaneously, sinusoidal sound-pressure waveform was turned 
into saw-tooth form. By comparing the flash of sonoluminescence with 
the instantaneous change of scattered light from cavitating bubbles in 
dark-fiield illumination, the sonoluminescence from water has been decided 
to occur during the final stages of the bubble collapse. The sonolumi- 
nescence from aqueous solutions of various sodium salts, organic solvents. 
and luminol has been also examined. The luminescence of luminol has. 
been applied to develop a new method for the visualization of ultrasonic. 


fields. 


§1. Introduction 


It was first observed in the early 1930’s by 
Frenzel and Schultes” and independently by 
Zimakov?) that a weak emission of light oc- 
curred in liquids subjected to ultrasonic 
waves. The term ‘sonoluminescence’ was 
introduced by the formers after the method of 
excitation, as against electroluminescence, 
photoluminescence, etc. Following this dis- 
covery, many investigations on the nature 
and the origin of this phenomenon were car- 
ried out mainly by chemists, early observa- 
tions being made mostly with dark-adapted 
eyes. It was revealed that the sonolumines- 
cence is closely connected to the chemical 
action of ultrasonic waves and it occurs in 
liquids only when they are cavitated in sound 
fields. 

In 1937, Chambers?®) studied 36 pure liquids 
in acoustic field of 9kc/s and found 14 of 
them to luminesce. He showed that the 
brightness of luminescence increases as the 
temperature decreases, and as the product of 
the d pole moment and viscocity of the liquid 
increases. Harvey* distinguished sonic 
chemiluminescence from sonoluminescence. 
He considered that the sonic chemilumines- 
cence occurs as a result of chemical reaction 
caused by ultrasonically activated oxygen, as 
shown in alkaline solution of luminol, while 
the sonoluminescence is not due to activated 
oxygen. It is, however, difficut to distinguish 
seriously between the two in some cases, as 


is to be seen later. 

In recent years, quantitative measurements: 
of weak luminescence have become rather 
easy by use of a high sensitive photomultiplier 
tube. Quantitative measurements of sono- 
luminescence were made by Griffing and 
Sette®’.? and by Prudhomme”® in relation to. 
the chemical effect produced by ultrasonic 
cavitation and especially on the influence of 
the dissolved gases. They observed that the 
intensity of luminescence from sonically ir- 
radiated water increased with chemical yields 
(H:O2, etc.) and was enhanced by dissolving 
heavy rare gases like krypton and xenon.. 
Interesting results on the spectrum of sono- 
luminescence were obtained by Giinther ef 
al.) and Srinivasan", who observed that the 
spectral distribution was a continuum resembl- 
ing that of a blackbody radiating at 6,000°- 
10,000°K. Jarman’ has studied the tempera- 
ture dependence of luminescence from 15 pure 
liquids and found that the intensity of 
luminescence was more properly correlated 
with (surface tension)?/(vapour pressure) than 
Chambers’ correlation 

There are several hypotheses on the origin 
of sonoluminescence, which is also connected 
closely to the mechanism of the chemical 
action of ultrasonic waves*?).3): 

a) The electrical microdischarge theory, pro- 
posed by Frenkel, postulates that thin 
lens-shaped cavities are abruptly produced 
in the liquid by negative pressures due. 
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to the sound waves and electric charges 
of different signs appear on both walls of 
the cavities respectively as a result of 
the statistical fluctuation of charge distri- 
bution in the liquid. The electric field 
grows as the cavity grows into a spheri- 
cal shape and then discharge takes place 
in spherical cavities. 

b) The mechano-chemical theory, proposed 
by Weyl and Marboe?):), assumes that 
light is emitted by photochemical recom- 
bination of free ions which are produced 
when molecules are mechanically dissoci- 
ated at nascent surfaces of the growing 
cavities. 

<c) The thermo-chemical theory, described by 
Grifhing and Sette®, also attributes the 
emission of light to the photochemical 
recombination of free ions, although this 
theory supposes the production of ions as 
due to thermal dissociation in collapsing 
bubble. 

d) The hot spot theory, originated by 
Noltingk and Neppiras'®)'”. proposes that 
sonoluminescence is merely the blackbody 
radiation from the gas within cavitation 
bubbles, which is incandesced by adiabatic 
compression when the bubbles collapse. 

e) The triboluminescence theory, described 
by Chambers®’, presumes that, when the 
quasi-crystalline structure of the liquid is 
fractured by cavitation, triboluminescence 
occurs as is often observed in breakdown 
of certain crystals. 

f) The balloelectric theory, proposed by 
Harvey”, assumes the appearance of elec- 
tric charges on the surface of bubbles in 
analogy to Lenard potentials observed on 
liquid drops in gases. It is stated that 
the potential rises as the cavity collapses 
because of the decrease in capacity. 


There is no sufficient knowledge to decide 
which of the above theories on sonolumi- 
nescence is really valid. Of these theories, the 
discharge theory has been accepted by fairy 
many investigators until recent years without 
direct experimental evidence. Other probable 
theories are the hot spot theory (d) and the 
thermo-chemical theory (c), while the others 
are almost ignored at present. If one of these 
theories is valid, it should be expected that 
sonoluminescence occurs as a discrete flash 
of light at a definite phase of the sound cycle: 


e.g. in the discharge theory it should occur 
during the process of bubble growth, and in 
the hot spot theory at the phase of bubble 
collapse. In this respect, some experimental 
investigations have been made recently, and 
in fact it has been found that sonolumi- 
nescence consists of discrete flashes of light, 
but there are some disagreements as regards 
the phase relation. Wagner'!® and Jarman!” 
have decided the phase of flash of the lumi- 
nescence from water or aqueous solutions of 
some inorganic salts with respect to the sound- 
pressure cycles measured by hydrophones, and 
obtained results which are in favour of the 
discharge theory, while Gunther ef al/}).20 
attained to an opposed result supporting the 
hot spot theory. Meyer and Kuttruff?”, using 
high-speed photographic technique, showed 
that the flashes from ethylene glycol occurred 
during the final stage of bubble collapse, yet 
its phase with respect to the sound cycle (2.5 
kc/s) was uncertain. 

There are, moreover, many aspects of sono- 
luminescence and its relation to cavitation and 
chemical action, which are not clarified as 
yet. The present paper aims to clarify these 
points. Some applications of the sonolumin- 
escence in visualizing the cavitation field are 
also presented. 


§2. Pressure Waveform of Ultrasonic Waves 
Accompanying Cavitation 


Prior to the observation of sonolumines- 
cence, the phase of bubble collapse with 
respect to the pressure cycle of sound in 
aerated water was determined with the help 
of a miniature barium titanate hydrophone 
illustrated in Fig. 1. Powder of barium titan- 
ate plastered to a spherical platinum core 1.5 
mm in diameter was sintered at about 1,400°C, 
so that the final diameter became 2mm. This 
element was fixed to a porcelain tube 2mm 
in diameter with molten glass and whole of 
the outer surface was coated with fired-on 


Polyviny! Tube 5m. porcelain tube 
Sm platinum 
sphere 


copper wire 


4 ‘solder 
3mm¢ brass pipe silver electrode 


Fig. 1. Miniature barium titanate hydrophone. 
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silver electrode and furthermore with glaze 
for the mechanical protection of the silver 
surface. The porcelain tube was soldered to 
a brass tube 3mm in diameter which served 
for the outer conductor. The accomplished 
element was polarized by DC voltage of about 
500 V. This hydrophone had a electric ca- 
pacitance of about 250 pF and a pressure 
sensitivity of about —140 dB, though not ac- 
curately calibrated. 

A 24kc/s window-type nickel transducer 
(radiating surface 4x4.5cm?) was used to 
radiate pulsed ultrasonic waves in an anechoic 
tank. On the back surface of the trans- 
ducer, a simple accelerometer-type vibration 
pickup made of lead zirconate titanate was 
attached in order to observe the velocity 
waveform of the transducer after integrating 
the pickup singal. 

Typical pressure waveforms of 0.3 ms pulses 


(a) 


(b) 


(c) 


Fig. 2. Sound-pressure waveforms of 24kc/s 
pulsed ultrasonic waves of 0.3ms width in 
aerated water, showing shock waves caused by 
cavitation. 
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obtained at a point 1 cm in front of the center 
of the transducer surface are given in Fig. 
2. The velocity amplitude,of the transducer 
was about 10 cm/s. Because of the very short 
pulse width and the low pulse recurrence (one 
pulse per second), only a few cavitations were 
produced, so that individual shock waves. 
caused by the collapses of cavities were ob- 
served as sharp positive impulses of about 
0.5us width. As the hydrophone used has a 
poor response in the frequency range above 
1 Mc/s, the peak pressure of the shock waves. 
indicated in the figures may be considerablly 
lower than the true value, and their width 
also may be broadened. The bubble collapse 
always occurs slightly after the pressure 
maximum, as is shown in the theoretical. 
result of Noltingk and Neppiras’®’. 


Fig. 3. Stationary parts of pressure waveforms: 
(lower trace) and velocity waveforms (upper 
trace) of the transducer emitting 1.5ms_ pulse, 
velocity amplitude being 11cm/s in (a), 19cm/s 
in (b) and 30cm/s in (c). 
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The lower trace of Fig. 2(c) is a pressure 
waveform obtained when cavitation is oc- 


casionally suppressed under the same condi- 
tion as the upper trace. Comparing the two 
waveforms, it is clearly shown that the am- 
plitude of the fundamental sound-pressure 
wave is attenuated by cavitation. 

For longer ultrasonic pulses, say 1.5ms 
width, many cavitations were simultaneously 
produced owing to the increasing number of 
cavitation nuclei created by the preceding 
cavitations, and consequently the pressure 
waveform was no longer sinusoidal, but was 
turned into saw-tooth form with large positive 
peaks. Some pressure waveforms of the 
stationary part of 1.5ms pulse at a point 
adjacent to the transducer are shown in Fig. 
3. The velocity waveform of the transducer 
are also shown in the same figure (upper 
trace), the velocity amplitude being 11 cm/s 
in (a), 19cm/s in (b) and 30cm/s in (c), re- 
spectively. It is to be concluded that the 
pressure peaks in comparatively long pulses 
or continuous waves correspond to the phase 
of the maxima of the bubble collapse because 
the pressure peak is nothing but the accumu- 
lated result of the shock waves produced by 
the collapsing bubbles. The generation of 
the subharmonic component is clearly to be 
seen in Fig. 3(c). It is noticeable that the 


subharmonic component appears not only in 
the sound-pressure but also in the velocity 
waveform in Fig. 3(c). 
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Fig. 4. Pressure waveform of 1.5ms pulse at a 
point adjacent to the transducer (upper) and 5 
cm in front of it (lower). 


Q Seal 


Total length oscillograms of 1.5 ms pulse are 
given in Fig. 4, the upper trace being the 
pressure waveform at a point adjacent to the 
transducer and the lower one at 5cm in front 
of it. It requires several cycles of sound ac- 
companying cavitation before the subharmonic 
component begins to appear, as is shown in 
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Fig. 4. Subharmonics in the pressure wave- 
form is thought to be due to the nonlinear 
oscillation of bubbles whose resonance fre- 
quencies are lower than the exciting frequen- 
cy. As these larger bubbles are produced 
possibly by the accumulation of smaller ones, 
it may be understood that subharmonics occur 
after some periods of sound accompanied by 
cavitation. Subharmonics in pressure waves 
also may have a reaction on the velocity wave- 
form of the transducer. As the cavitation 
region is localized near the center of the 
transducer surface when such short ultranic 
pulse is emitted, the saw-tooth waveform 
fades out rapidly as the distance increases 
from the radiating surface, and the waveform 
at a distance becomes similar to the velocity 
waveform of the transducer, as shown in the 
lower trace of Fig. 4. 


Fig. 5. Cavitation noise spectra of 24kc/s con- 
tinuous ultrasonic waves. Inscribed numbers 
show the spectral orders. 


Cavitation noise spectra of 24kc/s continu- 
ous ultrasonic waves are shown in Fig. 5. 
The fundamental frequency is indicated by 
the arrow and the spectral orders are also 
inscribed in the figure, the vertical scale being 
in dB. Higher harmonics and subharmonics 
of m/2 series and m/4 series (1=integers) are 
remarkable and no mz/3 component is found. 
Also a continuous background noise is ob- 
served. This is presumably produced by the 
collapsing bubbles and especially many oscil- 
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lating bubbles of various sizes in the ultra- 
sonic field. On the other hand, at higher 
fundamental frequencies, e.g. at 500kc/s, 
subharmonics of 7/2 series and v/3 series were 
found, sometimes accompanying 7/6 series, 
whereas no 7/4 series was observed. 


Phase Relation Between Sonolumines- 
cence and Cavitating Bubbles in Water 


a8: 


The phase relation between sonolumines- 
cence and cavitating bubbles in water has 
been determined with respect to the sound- 
pressure cycles’. The experimental ar- 
rangement is shown in Fig. 6. A ferrite 


water tank 


ferrite transducer 


Bina 


lens 
/___ screen with 
pinhole 


photomultiplier 


Fig. 6. Experimental arrangement 


transducer resonating at 28kc/s (radiating 
surface 4x4cm?) was employed to radiate 
ultrasonic waves in a glass tank (23x45x23 
cm) filled with tap water. Experiments were 
also done by employing water purified by 
passing through ion-exchange resin, but the 
result was quite similar as in the case of the 
tap water. A full-sized image of the cavita- 
tion region before the transducer stub was 
projected on a screen with a small opening 
(2mm in diameter) by a lens, and light from 
a small region at lcm in front of the stub 
center was fed to a photomultiplier tube 
through this opening. The photomultiplier 
tube used was a Du Mont type 6292 (sensitive 
for 300 to 600 my), which was connected to 
a regulated high voltage supply of 1,2000V. 
The output voltage across a 5,000 ohm resistor 
connected to the anode collector of the tube 
was displayed after 60 dB amplification on a 
cathod ray oscilloscope triggered by the input 
voltage of the transducer. A light source was 
used for dark-field illumination of the cavitat- 
ing bubbles from which light was scattered 
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corresponding to the instantaneous change of 
bubble volume. In complete darkness, sono- 
luminescence was observed on the oscilloscope 
screen as discrete flashes once every sound 
cycle. When the dark-field illumination was 
switched on, a curve representing the in- 
stantaneous bubble volume was obtained on 
the oscilloscope under a reduced amplification, 
instead. The intensity of the scattered light 
from cavitating bubbles was by far the 
stronger than the luminescence, so that the 
curve of the bubble volume was not affected 
by the luminescence. The time constant of 
the apparatus was of the order of 10-7 sec, and 
the individual luminescence pulses were ob- 
served as sharp impulses of this decay time. 
Although both luminescence and bubble vol- 
ume could not be observed at the same time, 
the phase relation between the two phenome- 
na was clearly determined by this procedure, 
since the triggering condition of the oscil- 
loscope was common. 


(a) 


(b) 


Fig. 7. Volume change of cavitating bubbles (up- 
per trace) and sonoluminescence (lower trace) in 
fresh tap water (a) and in water of appreciably 
reduced air content (b). 


Fig. 7(a) is a double exposured oscillogram 
of the bubble volume and the sonolumi- 
nescence in fresh tap water (extremely 
supersaturated with air) showing hundreds of 
overlapping sweeps. The luminescence pulse 
begins to appear at about 1/5 period before the 
phase of minimum bubble volume, and goes 
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to its maximum intensity at the minimum 
bubble volume, 7.e. at the instant of complete 
collapse of the bubble; thereafter it rapidly 
fades out. In water of appreciably reduced 
air content, the luminescence pulses begin 
to appear at about 1/10 period before the bubble 
collapse as shown in Fig. 7 (b). 

The sound-pressure waveform and change 
in bubble volume were observed simultaneous- 
ly and are shown in Fig. 8. At the minimum 
of bubble volume, a remarkable positive peak 
was produced by superposed shock waves as 
mentioned in the previous section. A slight 
difference between the bubble volume curve 
of Fig. 7 and Fig. 8 is due to the fact that 
the output of the photomutiplier was AC- 
coupled to the oscilloscope in the case of Fig. 
7 and DC-coupled in Fig. 8. 


Fig. 8. Curve of bubble volume (upper) and 
sound-pressure waveform (lower). 


Fig. 9. Volume change of cavitating bubbles with 
small dips and sonoluminescence with secondary 
flashes (indicated by arrows). 


Often, a secondary luminescence flash oc- 
curred shortly after the main flash at an ap- 
preciably high transducer input. In phase 
with the secondary flash, a secondary pressure 
peak appeared in the sound-pressure wave- 
form, and furthermore, a small dip appeared 
in the curve of the bubble volume, showing 
that some of the bubbles rebounded and then 


Ultrasonic Cavitation 1455 


collapsed again shortly after their first col- 
lapse, emitting a secondary flash. This is 
noticeable in Fig. 9. 

When the transducer input was increased 
until subharmonic components appeared in 
the pressure waveform, cavitation was_ir- 
regularly blown away from the stub and 
sonoluminescence was inhibited rather than 
enhanced. 


§4. Sonoluminescence of Some Aqueous Solu- 
tions 


It is known that the sonoluminescence from 
water is enhanced by the addition of some 
inorganic salts, carbon disulfide or carbon 
tetrachloride, whereas it is inhibited by the 
addition of a volatile liquid such as ether or 
alcohol. An examination of the effects of 
some additives on the sonoluminescence from 
water was made with the apparatus shown in 
Fig. 10. This arrangement fulfilled the re- 
quirement that the photomultiplier had to 
receive a sufficient luminous flux from a small 
amount of liquid. In this apparatus, the liquid 
needed was only 20cc. The output current 
of the photomultiplier was measured by a 
vacuum-tube microammeter. 


Ler 


ferrite 
transducer 


photomultiplier 


Fig. 10. Experimental apparatus. 


The ferrite transducer was the same one as 
used in the previous experiment, but a vibro- 
meter transducer of the same type as the 
main one but of smaller thickness was at- 
tached to indicate the velocity amplitude of 
the stub by the open-circuit voltage. The two 
transducers were so glued that the axes of the 
magnetic flux of the driving and the pickup 
cores at the glued surface were perpendicular 


1456 


to each other, thus the magnetic coupling 
between the two coils was negligible in 
practice. The vibrometer sensitivity was 1.9 
V/cm/s, the calibration being made by an 
optical interference technique. It is to be 
remembered that sound-pressure amplitude of 
latm. in water corresponds to particle veloci- 
ty of 6.75cm/s. Although the stub velocity 
is not directly connected to the intensity of 
sound in the liquid of small quantity as in 
this case, the stub velocity is nevertheless 
proportional to the pressure amplitude of 
sound. 

As the intensity of luminescence gradually 
decreased with increasing temperature caused 
by the continuous irradiation of ultrasonic 
waves, the luminous flux was read as fast as 
possible, so that the temperature rise was 
below 5°C during the observation. By this 
procedure, readings were obtained with rather 
good reproducibility. Water used in this ex- 
periment was purified by passing through the 
ion-exchange resin. 

Experimental results on the effect of the 
addition of various sodium salts are shown in 
Fig. 11 at various sound intensities. The 
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Fig. 11. Intensity of sonoluminescence from aque- 
ous solution of various sodium salts in dependence 
on the vibrometer output. 
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enhancing effect of sodium chloride was not. 
so remarkable as reported by Jarman®?) who 
observed that 2N solution of sodium chloride 
luminesced about seven times brighter than. 
tap water just above the cavitation threshold. 
This is possibly due to the difference of ex- 
perimental conditions. The luminescence: 
begins as the sound intensity attains the 
cavitation threshold, and the light intensity 
increases with increasing sound intensity. 
But the readings of the luminous flux are rather 
unstable near the cavitation threshold. 2N 
solution of sodium carbonate gave brighter 
luminescence than the others, while the addi- 
tion of sodium hydrogen carbonate considera-: 
bly inhibited the sonoluminescence of water. 

Effects of the addition of various organic: 
solvents and bromine have been also examined. 
and the results are given in Fig. 12. Most 
of these additives were hardly miscible with 
water, so that 20cc of water was saturated. 
by the addition of a few drops of them. 
Enhancing effects of carbon disulfide, bromine: 
and methyl iodide were striking and those of 
carbon tetrachloride and_ trichloroethylene: 
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Fig. 12. Sonoluminescence from aqueous solutions 

of various organic liquids and bromine. 
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Table I. Sonoluminescence from aqueous solutions of organic solvents 
and their physical properties. 
| Intensity of ee al _ Vapour Solubility Specific 
i timinescence ensity | Boiling point —_— pressure to water heat ratio 
| | | (20°C) (20°C) of vapour 
| (relative) g/cc SG mm Hg wt % 
CS: 11 Th Pe 46.25 298 0.217 1.63 
Br2 10 3.14 58.7 | 173 3.41 loz 
CHI Uh 2.29 45 | 331 1.40 1.28 
CCl 3.5 eb, 76.7 | 91 0.08 13 
C;HCl, 2 oth 1.47 87 60 0.1 — 
C;H;Br 1.0 1.50 155.9 5.67 0.045 — 
(30°C) (30°C) 
C.sHsNH2 OR OZ, 184.3 ee 3.49 — 
| (50°C) 
(H,0) 0.40 1.00 100.0 17.54 — 1R33 
CoH | 0.25 0.88 80.5 74.7 0.072 104 


were also noticed. Bromobenzene and aniline 
were not so effective. It is interesting to find 
that substances showing the large enhancing 
effect have some common features, e.g. re- 
latively large density, low boiling point and 
small solubility to water (cf. Table I). Fur- 
thermore, they give no or only very faint 
luminescence when subjected to ultrasonic 
waves in pure liquid state (7.e. without water). 
On the other hand, ethylene glycol and 
glycerine produce bright luminescence when 
subjected to ultrasonic waves, whereas the 
addition of small quantities of them to water 
does not strongly affect the sonoluminescence 
from water. 50% glycerine (in volume), how- 
ever, luminesced with considerable bright- 
ness. 

In spite of the wide variety of the intensity 
of sonoluminescence from these solutions, it 
was found that all of them luminesced at the 
phase of minimum bubble volume as in the 
case of pure water. 


§5. Sonic Chemiluminescence of Luminol 


Luminol (3-aninophthalhydrazide) in alkaline 
solution gives a brilliant bluish luminescence, 
when it is oxidized in various ways and 
particularly with hydrogen peroxide in the 
presence of activators like hemin. It is not 
surprising, then, to find that this solution 
luminesces with comparatively intense bright- 
ness, visible without dark-adaptation, when it 
is cavitated by ultrasonic waves. The behav- 
iour of luminol solution when saturated with 


various gases has been examined in ultrasonic 
fields by Harvey*) who concluded that most 
of light from this solution has the chemilumin- 
escent origin. There are some other con- 
firmations supporting his conclusion. 

Results measured with the apparatus of Fig. 
10 showed that luminol in neutral solution 
gave the same faint luminescence as observed 
in pure water, but the addition of sodium 
carbonate in this solution enhanced the lumin- 


; (a) 


(b) 


Fig. 13. Luminescence of luminol solution (a) and 
pure water (b) in upper trace and vibrometer 
output in lower trace. 
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escence by as much as 1,000 times. This 
corresponds to the fact that luminol is chemi- 
luminescent in alkaline solution only. 

The oscillographic studies on the lumines- 
cence of luminol solution also confirmed the 
chemiluminescent origin of the emitted light. 
Fig. 13 (a) shows a waveform of luminescence 
of luminol in the upper trace and an output 
voltage in the lower trace, and Fig. 13(b) 
shows those of water. Just as in the case of 
pure water, discrete luminescence flashes 
occurred in luminol solution at the phase of 
minimum bubble volume and were somewhat 
higher than those of water, and in addition a 
continuous luminescence appeared. At 
higher ultrasonic intensities, this discrete flash 
disappeared and the continuous luminescence 
became predominant. 

The luminescence of luminol solution arised 
as soon as Cavitation was built up by starting 
the ultrasonic oscillator. When the oscillator 
was switched off, discrete flashes, of course, 
disappeared immediately after the cavitation 
was ceased, but a continuous afterglow re- 
mained with a decay time of about 1/20 sec. 
The result of simultaneous observation of the 
luminescence of luminol solution and the 
output voltage of the vibrometer is shown in 
ion l4y 


Fig. 14. Luminescence of luminol solution and 
vibrometer output. Sweep speed=50 ms/diy. 


All of these experimental results show that 
most of light from luminol solution originates 
from the chemiluminescence of luminol caused 
by cavitation products, excluding discrete 
flashes occuring at the phase of the bubble 
collapse. The discrete flashes are to be at- 
tributed to the same origin as in water and 
aqueous solutions of salts. Presumably the 
flashes are mostly attributed to the presence 
of sodium carbonate in the solution. The 
brightness of luminol solution in ultrasonic 
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fields was not improved by the addition of 
hemin, showing that the luminescence of 
luminol solution was chiefly due to the free 
radicals (OH and others) rather than hydro- 
gen peroxide formed by the ultrasonic cavita- 
tion. 

The intensity of luminescence from luminol 
solution somewhat varied with the concentra- 
tion of sodium carbonate and luminol. Fig. 
15 shows the luminous flux from the solution 
of luminol (concentration 100 mg/1) for various 
sodium carbonate contents, and Fig. 16 shows 
the luminous flux vs. luminol content curve 
for 0.1N sodium carbonate solution. For 
dilute solutions of luminol (concentration be- 
low 0.1 mg/1), the intensity of luminescence 
decreased rapidly with the sound irradiation 
time. This is possibly due to the consump- 
tion of luminol. In Fig. 16, this concentration 
range is represented in a broken line. 

The relation between ultrasonic intensity 
and luminous flux from luminol solution re- 
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Fig. 15. Luminescence intensity vs. sodium car- 
bonate concentration for luminol solution of 
100 mg/l in concentration. (Vibrometer output 
=40 V) 
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sembles that of Fig. 12 except the difference 
in absolute level, when it is measured with 
the apparatus of Fig. 10. In the different 
types of ultrasonic fields, however, different 
relations are observed as described below. 
The ultrasonic intensity vs. luminous flux 
characteristics was studied for a ultrasonic 
frequency of 470kc/s with the apparatus 
shown in Fig. 17. A glass tube 2.8cm in 
diameter with a thin polyethylene membrane 
as the bottom was set so that the focus of a 
concave transducer was placed in the tube 
about 1cm above the bottom. The ultrasonic 
field in the tube was rather uniform except 
near the bottom. The concave barium titan- 
ate transducer, 8cm in diameter and 10cm 
in focal length, was used by reason of its 
suitability in suppressing the cavitation in the 
coupling medium: cavitation causes the waste 
of ultrasonic power propagating in the medi- 
um. By the same reason, degassed water 
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Fig. 17. Arrangement for observation of lumi- 
nescence at 470 kc/s. 
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Fig. 18. Relation between ultrasonic intensity and 
luminescence from luminol solution at 470 kc/s. 
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was used as the coupling medium. The 
luminous flux was measured in relation to the 
input voltage of the transducer employing a 
photomultiplier tube placed closely to the glass. 
tube. 

The experimental result is shown in Fig. 
18. When the input voltage attained to 10 V, 
the luminescence appeared abruptly, and 
thereafter its intensity increased with the 
input voltage up to 30V. Beyond this, the 
luminous flux showed a tendency to saturate, 
but when the input voltage exceeded 42 V, 
the luminescence suddenly disappeared; no: 
detectable luminescence (or only very faint 
luminescence) remained above 42V. If the 
input voltage of the transducer was decreased 
from 50V, the luminous flux varied just as 
in the case of increasing voltages, but the 
luminescence remained down to 7V. This 
corresponds to the fact that cavitation once 
occurred has a tendency to be maintained at 
lower sound intensities than the threshold. 
The ultrasonic intensity in the glass tube at 
the input voltage of 42 V was estimated as. 
2 W/cm? from the measurement of the radia-. 
tion pressure. 
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luminescence from aqueous solution of carbon 
disulfide at 470 kc/s. 


The abrupt decrease of luminous flux at 
high ultrasonic intensities was observed not 
only in the luminol solution, but also in every 
sonoluminescent liquids. As an example, the 
experimental result on the aqueous solution 
of carbon disulfide is shown in Fig. 19. 

It is known that the optimum sound inten- 
sity exists for the chemical action of ultra- 
sonic waves, e.g. the production of nitrous 
acid in aerated water, the liberation of iodine 
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from the aqueous solution of sodium iodide, 
the reduction of potassium permangdnate, 
etc.2°28), Although the complete explanation 
of these phenomena is not yet given, it seems 
that these phenomena are directly connected 
with the nature of cavitation. The maximum 
of chemical yield is observed in experimental 
arrangements which are essentially the same 
as Fig. 17. On the other hand, it is reported 
that in stationary wave system, both chemical 
yields and luminescence do not decrease at 
higher ultrasonic intensities, but only satu- 
rate?”. Further discussions will be made in 
the later section. 


86. Discussions on the origin of sonolumi- 
nescence 


Although no conclusive evidence supporting 
one of the above-mentioned theories on the 
origin of sonoluminescence has been discovered 
as yet, there are many respects in which some 
of the theories are inadequate. The electrical 
microdischarge theory proposed by Frenkel!* 
now appears to be inadmissible because of the 
‘phase relation of sonoluminescence (cf. Table 
II): according to his account, the discharge 
-should take place through the low-pressure 
gas in the expanding cavities, whereas sono- 
luminescence proved to occur during the final 
stages of the cavity collapse. Furthermore, 
his assumption of lens-shaped cavity forma- 
tion has no experimental evidence, and if re- 
-alized, it may be only in completely degassed 
water, whereas sonoluminescence occurs only 
in engassed liquids. The discharge theory 
«cannot be supported also by the fact that no 
line or band spectra of the dissolved gases 
‘have been observed in the spectra of sonolumi- 
nescence. The triboluminescence theory and 
‘the mechano-chemical theory also seem to be 
implausible because of the phase relation of 
‘sonoluminescence (cf. Table IT) and of the 
assumptions involved in these theories. The 
balloelectric theory, though consistent as re- 
gards the phase relation, also seems implau- 
‘sible. While it is known that the balloelectric 
charge is highly dependent on the conduc- 
tivity of the liquids, the sonoluminescence is 
rather unaltered or enhanced in electrolytic 
‘salt solutions as above stated (cf. § 4). 

Now it appears to be credible that sono- 
luminescence is basically thermal in origin. 
Noltingk and Neppiras!*.'”) showed theoreti- 
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Table II. Moment of flash of sonoluminescence as 

expected from various theories on its origin 
Moment of flash! Cavity Cavity 

Theory ; growth By leia 

(a) microdischarge © 

(b) mechano-chemical O 

(c) thermo-chemical : @ 

(d) hot shot O 

(e) triboluminescence O | 

(f) balloelectric O 


cally that a cavity collapses so fast that the 
gas within it is adiabatically compressed and 
its temperature increases up to 10,000°K. 
Such a fast collapse of cavity is accompanied 
with a shock wave in the liquid phase, as 
detected by a hydrophone as shown in Fig. 2. 
These shock waves have also been observed 
by Bohn?) and Gtnther et al.2.. The con- 
tinuous spectra of sonoluminescence observed 
by Srinivasan! and Giinther et al.®)!° resem- 
ble that of a blackbody radiating between 
6,000°K and 11,000°K. (Also the line spectra 
were observed together with the continuum in 
aqueous solutions of inorganic salts! ®; e.g. 
Na-D-line is observed in NaCl-solution). This 
is, of course, not a conclusive evidence of the 
hot spot theory: as indicated by Jarman’, 
the spectra of certain chemiluminescence, 
particularly bioluminescence, also resemble 
that of the blackbody radiation. However, it 
seems that no fact directly contradicts to the 
hypothesis of the thermal origin of sonolumi- 
nescence. The phase relation of sonolumi- 
nescence decided conclusively by the present 
work is a strong support of this hypothesis: 
sonoluminescence does occur during the final 
stages of the cavity collapse. Probably, a 
cavity expands and collapses emitting a single 
flash of light, and a cavity, which expands 
to a larger size, collapses at a later phase of 
the pressure cycle accompanying a_ higher 
temperature rise and thus a brighter lumi- 
nescent flash. Therefore, Fig. 7 suggests that 
cavities successively collapse in order of their 
expanded sizes emitting flashers of increasing 
intensity, till finally, the cavities of larger 
sizes cannot collapse, causing the disappear- 
ance of luminescence. 

The sonoluminescence from water is qu- 
enched if the cavity contains too much water 
vapour. For the pressure inside the cavity 
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to increase, the molecules of gas and vapour 
have to strike the collapsing cavity wall and 
then to rebound. When the molecules of 
water vapour strike the wall of the liquid 
water, a large portion of them might be ad- 
sorbed on the wall, causing a smaller increase 
of the pressure and then the quenching of 
sonoluminescence. The absorption of energy 
by the dissociation of water molecules also 
Causes the reduction of temperature within 
the collapsing cavities. The appreciable in- 
crease of sonoluminescence from water by the 
addition of some inorganic salts is possibly 
due to the vapour-pressure lowering. The 
quenching effect of sodium hydrogen carbo- 
nate is thought to be due to the liberation of 
carbon dioxide which is known to be a sub- 
stance quenching the sonoluminescence of 
water. 

Liquids which are highly volatile and immi- 
scible with water, like carbon disulfide, have 
small affinities with water. Therefore, in the 
aqueous solution of such a liquid, the pressure 
inside the collapsing cavities could increase 
without the adsorption of vapour molecules. 
Furthermore, the blackbody radiation from 
the incandesced gas and vapour within the 
Cavities might be enhanced by the presence 
of solid carbon liberated from the vapour 
molecules. The analogy between sonolumi- 
nescence and luminescence in a shock tube 
has been indicated by Jarman”), and Fairbain 
and Gaydon**) has noticed dusty carbon libera- 
ted from carbon disulfide or carbon tetra- 
chloride in the shock tube after shock waves 
had propagated several times in it. Noltingk 
and Neppiras'® also showed that the tempera- 
ture inside the collapsing cavity increases in 
propotion to (y—1), where 7 is the ratio of 
the specific heats. However, 7-values of such 
vapours shown in Table I are not higher than 
that of air (r=1.40) or water (7 =1.33) except 
carbon disulfide. This may suggest that sono- 
luminescence is not simply a blackbody radia- 
tion but also some ionic processes (or disso- 
ciation of neutral molecules) as observed in 
high current density arcs*® are to be taken 
into consideration. In the visible region, high 
current density arcs through rare gases show 
high luminous efficiencies particularly in 
krypton and xenon. This is also true both in 
sonoluminescence and luminescence in shock 
tubes. 
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There is another possible explanation for 
the enhancing effect of organic impurities: 
colloidal particles of these hydrophobic organic 
liquids suspending in water may act as Cavi- 
tation nuclei causing the occurrence of cavita- 
tion to increase. 

In summarizing, it is concluded that sono- 
luminescence is basically thermal in origin: 
the high temperature occurs in the cavitation 
bubbles as a result of the adiabatic compres- 
sion of bubbles when they collapse. The hot 
spot theory is plausible, though also the thermo- 
chemical mechanism is not excluded. Further 
investigations are desirable to clarify the more 
detailed mechanism of sonoluminescence and 
sonic chemiluminescence: accurate observa- 
tions of spectral lines and bands, particularly 
in the ultraviolet part will be of some use. 


§ 7. 


Application of luminol to visualization 
of ultrasonic fields 


Many methods of the visualization of ultra- 
sonic fields are known such as optical, chemi- 
cal, mechanical and electrical methods?®. The 
optical method utilizing the diffraction of light 
by ultrasonic waves is often used because the 
image formation is well analysed theoretically 
and beautiful photographs are obtainable?®). 
Some limitations, however, exist in this me- 
thod: the applicable frequencies are ordinarily 
above 0.5 Mc/s and only the images viewed 
along the direction parallel to the wave fronts 
are obtained, and furthermore, a_ special 
optical apparatus is required. The chemical 
method, using sonosensitive compounds, are 
applicable to visualize the intensity distribu- 
tion on arbitrary section of ultrasonic fields. 
Reported sonosensitive compounds are thermo- 


Fig. 20. 30cc test irradiated by 500kc/s ultra- 
sonic waves. 
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Fig. 21. 100cc flat-bottomed flask irradiated by 
kc/s ultrasonic waves. 


Fig. 23. Stationary wave pattern of a 400kc/s 
cylindrical barium titanate transducer. 


Fig. 25. Ultrasonic fields of a concave barium 
titanate transducer (470 kc/s, 8cm diameter, 10 
cm focal length) at various input voltages. 


Fig. 24. Interference pattern of 500kc/s ultra- Fig. 26. Ultrasonic cavitation field (left) otma 
sonic waves in circular tank 50 kc/s ferrite transducer (right). 
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‘sensitive coloured compounds like mercury 
“silver iodide (Ernst and Hoffmann®”, thermo- 
“sensitive phosphors (Schreiber ef al.*, Péter- 
mann), Ernst et al.*°), photographic paper 
in dilute developer (Torikai and Negishi®), 
-Starch plate in iodine solution (Bennett), etc. 
In these methods, however, there exist some 
disadvantages related to the insertion of sono- 
sensitive screens or plates in ultrasonic fields. 
In mechanical‘? and electrical methods‘, 
‘particular image converters are required for 
the visualization of ultrasonic fields. 

A new chemical method of the visualization 
of ultrasonic fields has been developed here 
‘as an application of the sonic chemilumines- 
‘cence of luminol. In this method—the luminol 
method, it is possible to observe the three- 
‘dimensional structure of the ultrasonic field 
without giving any disturbance to it. The 
luminescence from luminol solution is con- 
‘sidered to be an instantaneous measure of the 
oxidation action of ultrasonic waves, so that 
the observed luminous structure shows, ex- 
actly speaking, not the intensity distribution 
-of the ultrasonic fields, but rather the instan- 
taneous distribution of ultrasonic oxidation. 
Further advantages of this method are that 
no special optical or other apparatus is re- 
-quired, and that the application of this method 
is not limited by the shape of the liquid con- 
tainer. The luminol method is thought to be 
-an only adequate method whereby internal 
-fields of vessels like flask can be visualized. 

Some disadvantages, however, exist in this 
method: the luminescence from luminol in 
-ultrasonic fields is so weak that the observa- 
tion must be made in a dark room, and this 
method becomes useless for ultrasonic fields 
in which no cavitation occurs. Then, the 
.applicable ultrasonic frequencies are limited 
practically up to 5 Mc/s. 

There is no critical concentration of luminol 
.or sodium carbonate; for example, 0.2g of 
luminol and 5 g of sodium carbonate in 1,000 cc 
water is of use. If a barium titanate trans- 
.ducer is immersed directly in this solution 
without electric insulation, it is short-circuited 
by the electric conduction of the solution, and 
then its electro-acoustic efficiency is much 
.decreased. Even in sucha case, if the frequ- 
ency of the transducer is higher than 400 kc/s, 
this method is applicable by reducing the con- 
«centration of sodium carbonate until consider- 
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able ultrasonic power can be radiated from 
the transducer. When a lower frequency 
barium titanate transducer is used, it must 
be electrically insulated because its impedance 
becomes higher than the leakage resistance 
of the solution. Practically, it is desirable to 
maintain the temperature of luminol solution 
below 25°C, as the luminescence from luminol 
decreases with increasing temperature. 

Many photographs of ultrasonic fields were 
taken in a dark room, using a camera with 
F:2.4 lens and Fuji SSS films (ASA 200). The 
appropriate exposure time was two minutes 
or so. Some examples of ultrasonographs 
taken by the luminol method are shown in 
Fig. 20 to Fig. 26. 

Fig. 20 shows 30cc test tubes irradiated 
from the bottom by 500 kc/s ultrasonic waves. 
The ultrasonic field in the tube never becomes 
uniform. 

Fig. 21 shows a flat-bottomed flask (100 cc) 
irradiated by 500 kc/s ultrasonic waves. When 
the ultrasonic waves are irradiated perpendi- 
cularly to the bottom, only a small part of the 
incident ultrasonic power penetrates through 
it (left photograph). At an appropriate in- 
cident angle, however, the bottom becomes 
more transparent and a larger amount of the 
ultrasonic power penetrates into the flask 
(right photograph). At higher ultrasonic in- 
tensities, the luminescence from the flask 
disappears. In experiments on the ultrasonic 
treatments of liquids, careful attentions must 
be paid to such phenomena. Some disagree- 
ments reported in experimental results of 
ultrasonic treatment are thought to originate 
at least partly from these phenomena. 

Fig. 22 shows a ultrasonic fountain induced 
by a 500 kc/s barium titanate transducer (5 cm 
in diameter) placed on the bottom of 1 liter 
beaker. 

Fig. 23 shows an internal field of a 400kc/s 
cylindrical barium titanate transducer (9cm 
in inner diameter, 2.6cm in height). Beautiful 
concentric circles of stationary wave pattern 
are noticed. 

Fig. 24 shows a interference pattern of 
500 kc/s ultrasonic waves in a circular glass 
tank (24cm in diameter). The ultrasonic 
waves, radiated from both faces of the trans- 
ducer as indicated by arrows, are reflected 
by the tank wall and then interfere with 
each other. 
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Fig. 25 shows ultrasonic fields of a concave 
barium titanate transducer (470 kc/s, 8cm in 
diameter, 10cm in focal length) at various 
input voltages. At 20 V, only the focal region 
luminesces. As the input voltoges are in- 
creased, the luminous region spreads towards 
the transducer, and at 65V, the whole 
region of the converging sound beam between 
the transducer and the focus luminesces but 
no luminescence is found at the focal region. 
At 75 V, all luminescence suddenly disappears 
except at the fringe of the sound field. This 
shows that the oxidation by ultrasonic waves 
is suppressed when the ultrasonic intensity is 
too high. In spite of the difference in sound 
intensities at various points in the sound field, 
the luminescence disappears simultaneously 
not only in the case of the concave transducer 
(Fig. 25), but also in experiments in the flask 
and the test tube. This suggests that cavita- 
tion occurs somewhat co-operatively at least 
in high frequency ultrasonic waves. 

Fig. 26 shows a cavitation field of 50kc/s 
ferrite transducer. The cavitation field in 
this case looks entirely different as compared 
with those at high frequencies, the luminous 
region being mainly restricted on the radiat- 
ing surface of the transducer and on the axis 
of the sound beam. 


§ 8. 

Shock waves caused by the ultrasonic cavi- 
tation were detected in water by a miniature 
spherical hydrophone made of barium titanate. 
When a few cavitations were produced, the 
bubble collapse occurred slightly after the 
pressure maximum of the sound-pressure cycle 
as shown theoretically by Noltingk and Nep- 
piras. When many cavitations were simul- 
taneously produced, large positive peaks of 
saw-tooth form appeared in the pressure wave- 
form owing to the superposition of many shock 
waves. By observing the scattered light from 
the cavitating bubbles in dark-field illumina- 
tion, these large peaks were confirmed to occur 
at the phase of minimum bubble volume. 

In this very phase, 7.e. at the instant of 
complete collapse of the bubbles, the sonolu- 
minescence from water did occur as discrete 
flashes of light. The sonoluminescence from 
aqueous solutions of some sodium salts and 
some organic liquids were also studied. The 
addition of heavy, volatile and immiscible or- 
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ganic liquids as carbon disulfide or methyl 
iodide enhanced the sonoluminescence from 
water. The luminescence from the alkaline 
solution of luminol in ultrasonic fields was 
found to consist of discrete flashes and super- 
posed continuous light. The latter disappear- 
ed with a decay time of about 1/20sec when 
the ultrasonic waves were turned off. The 
intensities of both the sonoluminescence from 
water (or aqueous solutions) and the sonic 
chemiluminescence of luminol showed peculiar 
dependence on ultrasonic intensity. The lumi- 
nescence increased with increasing sound 
intensity at first, but decreased (or nearly 
vanished) rather suddenly at a high sound 
intensity. 

The discussion on the origin of sonolumi- 
nescence were made and it is concluded that 
sonoluminescence is basically thermal in 
origin: the high temperature occurs in the 
cavitation bubbles as a result of the adiabatic 
compression of bubbles when they collapse. 

As an application of luminescence from 
luminol solution, a new method for the visu- 
alization of ultrasonic fields was developed. 
This method has the advantage of applicability 
to the three-dimensional case without giving 
any disturbance to the fields. Moreover, the 
application of this method is not limited by 
the shape of the liquid container. 
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Experimental Evidence for Frank’s Theorem on Dislocations 
by X-ray Diffraction Micrography 


By Mitsuru YOSHIMASTU 
Rigaku Denki Co. Ltd., Hajima, Akijima, Tokyo 
(Received March 3, 1961) 


In X-ray diffraction micrographs of a silicon single crystal, some nodes 
where three dislocation lines meet were observed. The Burgers vectors of 
these dislocations were determined, except of their sense, from the change 
in intensity contrast with different reflecting lattice planes. Frank's theo- 
rem, corresponding to Kirchhoff’s law for electric current, was experi- 


mentally confirmed. 


Introduction 
is well known as Frank’s theorem", cor- 


responding to Kirchhoff’s law of electric 
current, that the sum of the Burgers vectors 


of dislocations meeting at a node must vanish 
if each dislocation is considered to go into 


the node. 


However, so far as the author 


knows, it seems that this theorem have not 
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been experimentally confirmed till quite re- 
cently. Fujita et al have confirmed the theo- 
rem for the graphite crystal by using the 
moiré pattern of electron micrographs?). 

Although many dislocation lines were al- 
most always observed in the X-ray diffraction 
micrographs of silicon single crystals obtained 
by Lang’s method, any node has not been 
observed where several dislocation lines meet. 
The specimens used previously were cut paral- 
lel or vertical to the growth axis and were 
thin. The probability for a node to be found 
in the interior of the specimen is considered 
to be small. It is expected that the chance 
observing the node is increased if a specimen 
plate is cut parallel to a plane in which dis- 
locations exist. It is considered that such a 
situation is realized in the {111} planes oblique 
to the growth axis. In the X-ray diffraction 
micrographs of such a specimen, we have 
observed some points at each of which three 
dislocation lines meet. From the change in 
intensity contrast with different reflecting 
lattice planes, we determined the Burgers 
vectors of these dislocations and tried to con- 
firm Frank’s theorem. 


§2. Experimental 
A specimen of thin plate was prepared from 


a twinned silicon crystal. The specimen was 
polished with the carborundum of #1600 and 


Si ens IPs 


The pole figure of the specimen. 
diffraction photographs are obtained by diffrac- 
tion from the lattice planes of poles marked by 
A and @. The three round great circles show 
the trace of planes which belong to the pole 


{111}, [111] and [111]. 


X-ray 
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etched with the CP-4 solution. The thickness 
of specimen was 0.65mm.. The orientation 
of specimen is shown with a pole figure in 
Fig. 1. 

Experimental arrangement is essentially the 
same as that of Lang*® except technical 
details, the schematic diagram being shown 
in Fig. 2. A fine focus X-ray source of ap- 
parent size 40430 is used. The distance 
from the specimen to the source is about 200 
mm., the one from the specimen to the plate, 
15~20mm.. To take a photograph from a 
wide area of the crystal, the crystal and the 
plate are moved right and left at the same 
time by a combination of a gear and a 
synchronous motor. Deflection of the crystal 
orientation during translation is within 2 
second angular range. The X-ray tube with 
Ag target was operated with 50 kilo constant 
voltage and 1mA. 


Fine Focus X-ray Source 


ig. 2. Schematic diagram of experimental ar- 
rangement. The pathes of Ka, and Kaz radi- 
ations which are emitted from a point source 
and diffracted from a lattice plane in the crystal 
are drawn. The difference in the direction of 
Ka, and Kaz is exaggerated. 


In order to obtain diffraction images with 
a high resolution, X-rays which contribute to 
the images must be limited to the Ka; radia- 
tion. This can be made possible by using a 
collimating system with a_ small angular 
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AR 
2d cos 0 
lattice spacing and @, the Bragg angle. In 
this case, a fine adjustment of the crystal is 
necessary for realizing the Bragg reflection. 
Practically, the difficulty of the fine adjust- 
ment was avoided in the following way. The 
slit was at first widely opened. In this case, 


spread 40< » where 4A=Aia.—Aza,, d, 
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however, the Kaz as well as Ka, radiations 
are diffracted from a same lattice plane but 
at different regions in the crystal, the former 
resulting in the poor resolution. Next, the 
width of the first slit was made narrower to 
cut off the Kae radiation contributing to the 
diffraction image. 


Fig. 3. X-ray diffraction micrographs taken with various reflecting planes. 
drawing of dislocation lines meeting at nodes, being sketched from (d). 


(g) is a schematic 
(h) shows the Burgers 


vectors of dislocation lines meeting at a node Nj. 
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§ 3. Results and discussions 


X-ray diffraction photographs from the ‘same 
region of specimen were obtained for various 
reflecting lattice planes, as shown in Fig. 3. 
In them some nodes at which three dislocation 
lines meet are observed. Three sets are 
shown schematically in Fig. 3 (g). 

The Burgers vectors of dislocation lines 
meeting a node were determined on the basis 
of following two facts. (i) The intensity con- 
trast due to dislocation lines is considered to 
be maximum when the Burgers vector is 
parallel to the normal of reflecting lattice 
plane; we would call this the maximum con- 
dition. (ii) The intensity contrast vanishes 
when the Burgers vector is vertical to the 
normal of reflecting lattice plane (the zero 
condition), although the dependency with the 
intermediate angle between the Burgers vec- 
tor and the normal might not be monotonous. 
The direction of Burgers vector in silicon 
crystals is usually considered to be parallel 
to one of <110> directions. Therefore, a 
dislocation with a certain Burgers vector 
should represent the highest contrast for one 
of {220} reflections, for example the (220) 
reflection, and no intensity contrast should 
occur for reflection from planes parallel to 
the [110] direction. 

It is practically convenient to examine at 
first the zero condition for {111} reflections. 
There are three directions of <110> parallel 
to one of {111} planes. When a dislocation 
image is found to vanish for one of {111} 
planes, for instance, (111), the Burgers vector 
must be one of three <110> directions parallel 
to (111). If another one of {111} reflections, 


for instance, the (111) reflection do not reveal 
the dislocation image, the Burgers vector is 
determined to be parallel to the intersecting 


line of the above two planes, the [110] direc- 


tion. On the contrary, if the (111) reflection 
reveals the dislocation image, the possibility 


of the [110] direction is denied. However, it 
is not always possible to examine the zero 
condition for all {111} reflections. In this 
case, ambiguity is left among a few directions. 
This ambiguity is removed by examining the 
maximum condition mentioned above for some 
appropriate planes of {110}. 

Let us notice dislocation lines meeting a 
node N: shown in Fig. 3(g) and first deter- 
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mine the Burgers vector of the dislocation 1. 


The dislocation image disappears for the (111) 
reflection, Fig. 3(a), among experimentally 
observable {111} reflections. This means that 


the Burgers vector must exist in the (111) 
plane according to the zero condition. From 
the pole figure of the specimen, Fig. 1, it is 
known that three [101], [110] and [011] direc- 


tions are parallel to the (111) plane. On the 
other hand, the diffraction photographs ob- 


tained from the (111) plane and the (111) plane 
clearly show the. dislocation image of 1, as 
seen in Fig. 3(b) and Fig. 3(c) respectively. 


The (111) plane is parallel to [110], and the 


(111) plane is parallel to [011]. Thus, the 
possibility of the [110] or the [011] directions 


have been denied, and the [101] direction is 
left as only one possibility for the Burgers 
vector. This could not be experimentally 
comfirmed by the reflection from the (111) 


plane containing the [101] direction. How- 
ever, it can be confirmed by the maximnm 
condition. Fig. 3(d), (e) and (f) show the 
experimentally observable {220} diffraction 


The (202) diffraction photograph 
obtained from the (101) plane vertical to the 


[101] direction, Fig. 3(d), shows the highest 
intensity contrast for the dislocation 1 among 
them. Accordingly, the Burgers vector of 
the dislocation 1 is concluded to be parallel 


to the [101] direction. 
In the same way, the Burgers vector of the 
dislocation 2 and 3 are determined to be paral- 


lel to the [011] and the [110] directions respec- 
tively. These three directions are on the 
same plane (111). 

It is to be noticed here that the sense of 
the Burgers vector cannot be determined from 
the intensity contrast in the X-ray diffraction 
micrography. The sense of the Burgers vec- 
tor of each dislocation has two possibilities. 
If the sense is taken in such a way as shown 
in Fig. 3(h), the sum of the Burgers vectors 
of above three dislocations vanishes. This 
fact is no more than Frank’s theorem. At 
least, under a suitable condition mentioned 
above, Frank’s theorem can be experimentally 
confirmed by a X-ray diffraction micrography 
only assuming the sense of the Burgers vec- 
tor. 


photographs. 
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By the similar procedures, the Burgers vec- 
tors of other dislocation lines 4, 5, 6, 7, and 
8 in Fig. 3(g) are concluded to be parallel to 
the directions [101], [011], [110], [011], and 
[101] respectively. Of course, it is apparent 
that the Burgers vectors of these dislocations 
satisfy Frank’s theorem at each node N2 and 
Nz when the sense of these Burgers vectors 
iS appropriately chosen as in the previous 
case. 
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Errata 


A New Method to Determine Hydration Energy of Ion 


By Yoshio ISHIDA 
J. Phys. Soc. Japan 15 (1960) 1707 


Ra707 left column line 28 deo is nearly equal to ¢go 
should be read ozo is nearly equal to go 
right column Eq. (4) V R?+2+2Ro cos @ 


should be read 


V R2+ 02—2Ro cos 6 


Short Notes 
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This section is intended to secure prompt publication of important discoveries in 


physics. 


The reports should not ‘exceed 800 words in length. A figure of sige 
7cmx7cm will be counted as 150 words. 
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The existence of an intermetallic compound of 
Mn and Hg with an equiatomic composition, Mn- 
Hg, has been confirmed by Lihl!) and de Wet?’, as 
having the simple B2 (CsCl) type of structure. The 
latter author has also measured the magnetic sus- 
ceptibility at 90, 195° and 295°K, and suggested that 
it is probably antiferromagnetic at low temperatures. 
Since the atomic arrangements in MnHg are simi- 
lar to those in MnAu®) and MnPd?), the detailed 
studies on the antiferromagnetism may be interest- 
ing in view of the theory of magnetism of metals. 

In the present note, the experimental investiga- 
tions are reported on the magnetic susceptibility, 
the electrical resistivity, and the crystal structure 
in the temperature range from 90 to 360°K. The 
specimens used were prepared as follows: pure Hg 
and the powders of electrolytic Mn were mixed at 
the desired proportion, sealed in an evacuated 
quartz tube, heated to 400°C, and then held at this 
temperature for 35 hours. It was confirmed by the 
X-ray diffraction patterns that the products consist- 
ed of only MnHg. 


x10® 

40 Ee point 
s 
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Fig. 1. Magnetic susceptibility, y, of MnHg. 


(VY: de Wet?)) 

The magnetic susceptibility was measured by 
Faraday’s method. It is independent of magnetic 
fields up to 12 koe, and the temperature dependence 
is shown in Fig. 1, in which the values obtained 
by de Wet?) are also plotted. The Néel point may 
be 198°K at which the susceptibility has a maxi- 
mum value. Above the Néel temperature, how- 
ever, the susceptibility cannot be satisfactorily ex- 
pressed by the Curie-Weiss law, i.e. the effective 


Bohr magneton number derived from the experi- 
mental curve is unreasonably large. 

The electrical reststivity was determined by 
means of the measurements of the torque exerted 
on the small specimen by a 50 cps rotating magne-. 
tic field. The apparatus is similar to that report- 
ed by Braunbeck.5) The absolute values of the 
resistivity were obtained by comparing with the 
torque exerted on a standard specimen of copper, 
though the results were not so accurate. The 
temperature dependence of the resistivity exhibits: 
an anomaly at the Néel point, as shown in Fig. 2. 

It was proved by the X-ray diffraction method* 
that MnHg was not transformed from cubic to: 
tetragonal structure at low temperatures, in con- 
trast to MnAu and MnPd. The lattice constants 
determined from the (110) lines are also shown im 
Bigs 2: 


a (A) 
10 r Néel point 


P/ Po 


0.5 


0.0 


100 200 
Temperature (°K) 


300 


Fig. 2. Electrical resistivity, 0, and lattice con- 
stant, a, of MnHg. Resistivity at O0°C, po, is. 
about 5x10-5acm. Crystal structure is of the 
CsCl type. 


It may be concluded from the above experiments. 
that MnHg is antiferromagnetic at the temperatures. 
below 198°K. 
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On the Faraday, Effect in Many-Valley 
Semiconductors 


By Louis GoLD 


Radiation Laboratory and the Department of 
Nuclear Engineering University 
Michigan, Ann Arbor 


(Received April 10, 1961) 


In developing the complete classical electrodyna- 
mics for free carriers in many-valley semiconduc- 
tors, a new relation for the Faraday rotation has 
been deduced which reveals the imprecise nature 
of earlier formulae. Since there is active research 
continuing in such materials as n-germanium!), it 
appears appropriate to make immediately available 
a basic relation which properly describes the phe- 
nomenon. 

The general formula, including collisional damp- 
ing, will be left for a fuller description. In the 
infrared region where collisions may be ignored in 
the usual manner, the index of refraction » may 
be written in the form 


i 22 (1) 
PO" TVET 2-40 hit bE I) 
where the abbreviations denote 
2 
[ eee ee Lone = 12 
2 — 33 
CA a 2 
[ ei te + 
L*— 33 
We? Q13023 \* 
[ aie aan Wiociame -) (2) 
9) v*— A338 
and 
3yo0q?/Me2 3qB 
x= , o— 
w2 M2 


The basic physical quantities that enter are: w 
the impressed frequency, No the carrier density in 
each valley, q the electronic charge and mz the 
transverse mass. 

The ajz relate to the transformed mass tensor in 
the frame of reference where the magnetic field B 
is along the z-axis which also corresponds to the 
direction of wave propagation. The components in 
the cubic reference frame 


<= 


il 
Meubic =" M2( jx) (3) 
where 
O11=A2=Ad33=K+2 
Ojx=Anj=Si( K—1) , 
iejekei, K=mi/me (3a) 
transform via 
Ouj OK 
Ajk Decal Bary? jk! ( 4 ) 
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Specification of the separate contributions to the 
rotation for the four sets of energy surfaces derives 
from selection of the S; having values +1 as de- 
scribed elsewhere?). If the chemical potential 
changes at high magnetic field producing a redistri- 
bution of electrons, then each valley must be ac- 
cordingly weighted (allowance also being made for 
No changes in @?).) 

It may be seen that the familiar Appleton-Hartree 
relation obtains from (1) if the scalar mass limit 
is imposed. Thus in the usual way, the choice of 
sign specifies either the ordinary or extraordinary 
circularly polarized component of the wave. Prior 
relations, such as that of Stephen and Lidiard?), 
bear little resemblance to (1) and do not reduce to 
the Appleton-Hartree formula for an isotropic mass 
medium. 

Finally, a resonance behavior may be expected 
in the Faraday rotation since for the extraordinaay 
component large changes occur when 


LA kVA tad 
Ss, W p* 1 ef thon!) 2 . 
3Noq* 
eee (5) 
wherein 
2 
Ai=d12? 11022 da 
Op 


Az = 11023? + G22013? + 330122 — (1122033 + 2012013028) 
(5a) 
Precisely these critical frequencies (resonances) 
were derived earlier’) in an effort to comprehend 
how magnetoplasma effects may influence cyclotron 
resonance determinations; it was pointed out then 
that new peaks would appear in the intermediate 
region where we/wy~1, the regime wp<Mwc~wg, 
however, corresponding to “pure” cyclotron reso- 
nance. 
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Passage Effect in the Electron Spin Resonance 
of Fe-Doped Silicon 


By Takeo IGo 


Electrical Communication Laboratory 
Musashino-shi, Tokyo 


(Received May 15, 1961) 


Recently Weger!) investigated the effect of pas- 
sage upon the ESR signal of an inhomogeneously 
broadend line. He studied shape and amplitude of 
the signal under various passage conditions theore- 
tically and checked the theoretical predictions ex- 
perimentally. 

It is reported here that a passage effect was 
observed in the ESR of Fe-doped silicon?).?) and 
the relaxation time, J,, was estimated from the 
passage conditions. 

In Fig. 1 is shown the dispersion signal in-phase 
with respect to the modulation obtained at pumped 
helium temperature (~2°K) with a p-type sample 
of silicon into which Fe was diffused at 1100°C for 
about an hour. The signal is obtained by superimpos- 
ing a modulation field at a frequency of 70 cps on 
the static magnetic field and then detecting the 
real part of the rf susceptibility which varies at 
this frequency using a phase sensitive detector. 


Fig. 1. In-phase dispersion signal in Fe-doped 
silicon as a function of magnetic field for seve- 
ral values of H,. The static magnetic field is 
parallel to [{01] direction. T+2°K. 


It is clear from Fig. 1 that the signal in-phase 
with respect to the modulation behaves unusually 
when the modulating field intensity, H,,, increases. 
When 4H, is small, it has a typical line shape for 
an adiabatic rapid passage line, with a g-value of 
2.07 independent of the crystal orientation and a 
half-width of about 10 oersteds. When H,, is in- 
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creased, the line shape changes as shown in the 
figures (b), (c) and (d). At intermediate H,,-values, 
the top of the line is flattened, and then the saddle 
appears at large Hj,-values. The in-quadrature 
signal, however, showed no such an unusual be- 
havior. These behaviors of signals, according to 
Weger,!) can be expected for an inhomogeneously 
broadend line with 7,-short compared with, or of 
the same order as, the modulation period. When. 
Hy» is small, all the spin packets covered by Hy 
are traversed (adiabatically) rapidly and an “ab- 
sorption-type” signal is observed. As Hp» is large 
enough, however, the adiabatic condition is violat- 
ed over a portion of the modulation cycle. Then 
aie dispersion-derivative-type ” signal arises from 
the non-adiabatically traversed spin packets. Since 
this “ dispersion-derivative-type ” signal is in-phase 
with respect to the modulation, it does not mix in 
the in-quadrature signal, but it mixes in the in- 
phase signal, yielding the observed results. 

Occurence of such a passage effect depends on 
the ratio H,/wmHmT:. If we increase the rf field 
intensity, H,, the unusual behavior should occur at 
at a larger value of H,,. This was verified experi- 
mentally. This and the fact that the DPPH mar- 
ker signal was quite normal exclude the possibili- 
ty that our observation is due to an instrumental 
effect. (Because the phase-setting was discrete, 
the phase was not exactly set to in-phase or in- 
quadrature position. The positions was determin- 
ed by maximizing or minimizing the marker signal.) 

The conditions under which the above passage 
effect occurs are (assuming T,=T7;): 


(Ai/omHin) < Ete, wm l1<1 , 

pas Jiesl 7H?22(dHA/dt) . 
We can estimate 7; from these conditions. In our 
estimation 7; is of the order of 10-4sec. T, is 
also determined directly from the saturation 


measurement. Preliminary saturation measurements. 
gave a value of the same order as the above as 
Tt. 

It is a pleasure to thank Mr. T. Asakawa for 
preparing the samples. I wish to express my 
thanks to Dr. T. Shindo and Dr. E. Yamaka for 
their interest in this work. 
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Logarithmic Growth of the Cesium Anti- 
monide Films on Antimony 


By Kiyoshi MIYAKE 


Electrical Communication Laboratory, Nippon 
Telegraph and Telephone Public Corporation, 
Tokyo, Japan* 


(Received January 23, 1961) 


The reaction of cesium vapor with antimony 
film is a kind of reaction in which an electro-posi- 
tive gas, namely, cesium vapor makes contact 
with antimony film which behaves as an electro- 
negative metal, followed by the formation of 
cesium antimonide. The compound has a very 
high resistivity, and has been suggested to be 
CsSb.1).2)_ The present note deals with experi- 
mental determination of the growth rate of this 
compound film. 

Antimony was evaporated in a cylindrical glass 
envelope on to a square glass plate. A U-shaped 
trap for cesium vapor and a tube containing metal- 
lic cesium were connected to the one end of the 
glass envelope. The evaporation was carried out 
at room temperature in a vacuum better than 3x 
10-§mm Hg, the rate being 0.01-0.002 mg per cm? 
per min.?) The film thickness ranged from 250 to 
1100 A. Such films are known to be crystallized.*) 
The original resistance of the film was calculated 
from the dimensions (4x10mm) and the electrical 
resistivity in bulk. The resistance between two 
leads attached on the opposite edges of the glass 
plate was measured prior to the reaction. 

The resistivity of CsSb grown on the surface of 
antimony is about 107 times that of antimony in 
bulk.1).2) Hence it may be assumed that the resis- 
tance of the film is, at least in the early stage of 
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Fig. 1. Thickness of the CsSb layer grown on 


antimony films vs. the reaction time. 
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the reaction, equal to that of the unaffected anti- 
mony film. If the compound layer is homogeneous, 
the thickness of the layer should be proportional 
to that of the antimony layer consumed by the 
reaction. We assume, for the time, that these are 
identical, although an increase in thickness of the 
film during the formation of cesium antimonide has 
been reported.5) Thus, the thickness of the grow- 
ing layer can be determined from the measurement 
of electrical resistance. 

The measurement was carried out at room tem- 
perature in complete darkness and under conditions 
in which the rate of supply of the cesium vapor 
was higher than the formation rate of the com- 
pound. Fig. 1 shows the thickness of the com- 
pound layer grown on antimony film vs. the 
logarithm of time. As is seen in the figure, the 
relation between the thickness gw, in A, and time t, 
in hours, is given by 

*=k log (t/e+1) , (1) 
where, & and ¢ are constants. Usually, there is an 
induction period fcr the reaction, which is slight- 
ly longer than ¢. For one specimen and for te, 
the relation between x and t is well represented 
by Eq. (1). However, the values of k& and ¢ differ 
for different samples. The former ranged between 
310 and 520A, and the latter between 1.1 and 3.2 
hrs. For thin films (7<300A) and for the induc- 
tion period the observed points are scattered. 

Eq. (1) no longer holds when the thickness of 
the unaffected antimony layer is reduced to less 
than about 50 A, and a comparatively long time is 
required for the whole layer to be changed into 
the compound. Therefore, the formation process 
of the compound in this stage is considered to be 
different from that in the early stage. The vari- 
ations in k and ¢ for different samples may be due 
to the difference in microscopic surface conditions 
and in crystalline structure of the films.® 
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Electron Distribution in KMnF;, KFeF;, 
KCoF; and KNiF: 


By Atsushi OKAZAKI and Yasutaka SUEMUNE 


Department of Physics, Faculty of Science, 
Kyusyu University, Fukuoka, Japan 


(Received March 4, 1961) 


The structures of KMnF;, KFeF;,, KCoF; and 
KNiF3; are of the cubic perovskite type at room 
temperature!), while that of KCuF; shows the Jahn- 
Teller distortion.2) The electron distributions in 
the former four compounds are determined by an 
X-ray analysis. The experimental and analytical 
details are similar to those in the case of KCuF3 2). 
For these compounds the [001] projections of the 
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electron distribution obtained by the F> synthesis 
are shown in Fig. 1, where Fy means the observ- 
ed structure factor. In all the cases the electron 
distributions around F- ions are elongated in the 
direction perpendicular to the 3d metal-fluorine-3d 
metal bonds. This elongation may be attributed 
either to anisotropic temperature effects or to the 
fact that the centre of F- ion occupies such posi- 
tions as being distributed with uniform probability 
along a circle. The analysis is now being under- 
taken. 
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Fig. 1. Electron-density projections along [001] at room temperature, (a): KMnFs, (b): KFeFs3, (c): 


KCoF; and (d): KNiF3, with contours at intervals of 5e. A-2, 


Dotted lines indicate 0e. A-2. 


One fourth of the unit cell is shown for each compound. 
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A Note on the Magnetoresistance of PbTe 
at High Magnetic Fields 


By Eizaburo YAMADA and Kisaburo SHOGENJI 
Hitachi Central Research Laboratory, 
Kokubunji, Tokyo 
(Received March 27, 1961) 


At high magnetic fields the magnetoresistance of 
crystals is known to show an oscillatory behavior 
as a function of H. This phenomenon is due to 
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the quantization of the electron orbits, and the 
degeneracy of the electrons is necessary for its 
appearance. PbTe crystal is favorable for investi- 
gation of this phenomenon, since its electrons have 
a large mobility and are degenerate at low tempera- 
tures. Recently an experiment has been carried 
out by Kanai et al.!). We comment here theoretic- 
ally on this phenomenon. 

When a high magnetic field (wec>1), whose di- 
rection is chosen as z-axis, is applied to a crystal 
and the electrons of the crystal are degenerate, the 
conductivity tensor due to an energy ellipsoid with 
anisotropic effective mass is expressed as?) 


Gee Se me? | Oxy Se On ne are Se 
QA, Moo2t Mwo Q, Muo2t a, Mwo Qa, Mwo2r 
- ne? 4 Sz Se? ayy Se? as ne? 4 Mus Se? (1) 
Myo Qa, Mwo’t Qa, Mwo2t ay Mwo a, Mwo2r 
a, Ne | azz Se? Ge ne? | ay, Se deta Ser 
ay Mwmo Qa, Mwo2t ay Mwo Ay Mwo2t ay m 
eH ; A A 
(D0 seek is, We = A1W9* , A1=Agehyy— Ary etc. , 


where a;;’s are dimensionless constants which re- 
present relative inclination of H to the principal 
axes of the ellipsoid. S and rc are the density of 
states and the relaxation time respectively. Both 
are functions of the Fermi level ¢ and show a 
periodic variation with 1/H. 

PbTe has a cubic symmetry and its electronic 
band structure is expressed by <111> 8 or 4 valley 
model.*).4) When H is applied in the [100], [111] or 
[110] direction of PbTe, non-vanishing elements of 
conductivity tensor of the crystal are: ozz, dyy, 
zz and the anti-symmetric part ¢zy=—oyx. These 
are obtained by summing up the elements of Eq. 
(1) for all the valleys. The elements of the resis- 


tivity tensor become as 
(2) 
Oxy=Cxy|(Cxetyytory) = llozy : 
From Eggs. (1) and (2) 0:z is known to be propor- 
tional to Sz-!, pz, to (Sc)~1, whereas Oz, independ- 
ent of S and r. Thus 0,, and @z, show an oscil- 
lation, but Oz, does not. 

In spite of the above discussion, the Hall coef- 
ficient of Bi shows an oscillation’). The reason, we 
think, is as follows. In Bi p=n, so the leading 
term of o, becomes small, and the oscillation is due 
to higher order terms of H-! which are neglected 
in the above. 

The period of oscillation is determined by the 
cyclotron mass me=a1~'/2m, which is a function of 
the relative direction of H with respect to the 
ellipsoid. The variation of or, and (zz is generally 
superposition of the oscillations having different 
periods, each of which has its origin in one of the 
valleys. The periods of PbTe are shown in Table 


Oxn=Cxx|(Cxx0yy tory”) , Pz2e=— Vox , 


Table. The periods of oscillation due to each 


valley. 4(1/H) in eh/m c(. r=my,/my. 
Direction 
of H| [001] (111) [110] 
Valley 
Je kt Kp sar ae | pee 
(111), [117] | ¥ 34+2r) 1 /Ze+n 
(111), Oi) V a+2n) /%(148r) r 


Uh 


J 7 a+2r) /a48r) } 3 (2tr) 


=, 


(111), [111 


(111), (111) V%a+2n) J" a+8r) r 


for several directions of H. 
More general and detailed discussion will be 
published in the near future?). 
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Optical Constants of LiF in 
the Extreme Ultraviolet 


By Riso KATO 


Department of Physics, Faculty of Science, 
Kyoto University 


(Received April 26, 1961) 


Reflection and absorption spectra of LiF single 
crystal were reported in a previous work"). Detailed 
analyses and discussions could not be made, how- 
ever, because the previous data contained fairly 
large errors. Data were refined by improving the 
reflectometer and by careful treatment of specimen 
surface. Fig. 1 shows the reflection and absorption 
spectra refined in the present work. 

LiF becomes transparent below 11.8ev and the 
reflection from the back surface of specimen con- 
tributes to the reflectivity in the region. Conse- 
quently the observed reflection spectrum shows 
the minimum and maximum near the tail of funda- 
mental absorption as seen in Fig. 1. The previous 
data were disturbed by the hydrolysis of crystal 
surface, because LiF was found to be easily hydro- 
lysed slightly above room temperature in air to 
give a broad absorption ranging from 12 to 8 ev. 
The values of relectivity in the transparent region 
were corrected by the theory of multiple reflection 
and the phase associated with the reflection charac- 
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Fig. 1. Reflection and absorption spectra of LiF 
single crystal measured at room temperature. 
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Fig. 2. Refractive index and extinction coefficicnt 
of LiF versus photon energy. 
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teristic was computed by .using Kramers-Kronig 
relation to get the optical constants from the re- 
flectivity. Corrected values of reflectivity fitted 
very well with those calculated from known refrac- 
tive indices in the near ultraviolet. Reflectivities 
in the region above 13.2ev contain rather large 
errors as shown in Fig. 1 and were adjusted so as 
to give zero absorption in the transparent region 
in the course of phase computation. The full line 
in Fig. 1 shows the reflection spectrum, corrected 
in the above way, used for phase computation. 
Variations of the refractive index and extinction 
coefficient versus photon energy calculated from 
the phase and reflectivity are plotted in Fig. 2. 
The absolute value of absorption constant (K=4rx«/2) 
and the peak position of the first exciton band at 
room temperature were obtained as follows: Kmax 
=2.2x106cm-!1 and Ay=12.7+0.1 ev. 
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Fig. 3. Real and imaginary parts of dielectric 
constant of LiF versus photon energy. 


Real and imaginary parts of dielectric constant 
(€1=?—k?, €2=2nx) are plotted in Fig. 3 and, the 
oscillator strength of the present band is obtained 
from the following formula 


2nk= >) —— 
7 (wP2?—w?)?+ Bew® ’ 
assuming that only 1=0 term is effective in the re- 
gion. Constants in the formula fiw)=12.6+40.1 ev, 
hBy=0.42+0.02 ev are obtained from Fig. 3 and Op? = 
4xNe?/m. The obtained value is 0.069+0.005/elec- 
tron or 0.42+0.03/ion, which is in good agreement 
with the theoretical value on NaCl calculated by 
Dexter?) on the basis of excitation model. 

Details of the experiment and analyses as well as 


the effect of hydrolysis will be reported in a near 
future. 
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Temporary Bleaching of Color Centers 
in KCl Crystal 
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Alkali halide crystals colored additively or by 
X-ray irradiation exhibit several electron captured 
centers called F, M, R and N. Among these cen- 
ters only F’ has been clarified by Pick!) to have 
the property to trap one more electron and convert 
to F’ center at low temperature. Concerning other 
complex centers, there may be possibilities of elect- 
ron trappings to form M’, N’ etc. on the analogy 
of FF’. However, there are no detailed experi- 
ments showing such facts so far we know. It will 
be due to the thermal unstability of the trapped 
electrons. The short life trapping states of elect- 
ron will be observed by the temporary absorption 
changes of complex centers under the simultaneous 
illumination of F-light which produces free elect- 
rons. Ingenious techniques of temporary bleaching 
were first adopted by Lambe and Compton?) and 
successively by Compton and Klick?) in NaCl. 

A KCI crystal additively colored and containing 
F centers with a concentration of 2.7 101%/cc was 
cleaved to a piece of 6X7x10mm3. The crystal 
was illuminated by F-light at room temperature so 
as to produce M, N and # centers as shown in 
Fig. 1 curve (a). The crystal was cooled down to 
90°K and was illuminated by a intense dc incan- 
descent lamp filtered to produce F' band light. The 
absorption change of the crystal in the region be- 
tween 400my and 1100mpz was measured with a 
chopped light of 8cps to avoid the error due to 
the scattered illuminating F-light. Absorption mea- 
surements were performed along the direction per- 
pendicular to the illuminating F-light. Curve (b) 
in Fig. 1 shows the temporary change of the trans- 
mission of the crystal thus measured. The ordinate 
indicates the increase of transmission expressed by 
arbitrary unit. 

As seen from the figure, with the decrease of F' 
band, Mand N bands also decrease. The trans- 
mission-decrease in the whole region between 500 
my and 750myz is considered to be due to the 
formation of F’ band. 

Curves (F), (M) and (N) in Fig. 2 show the rates 
of transmission-increases with time in fF’, M and 
N bands, respectively. In the case of Ff’ band, 
transmission increases gradually after the start of 
F-light illumination and it decreases a bit after the 
illumination is turned off. However, if the crystal 
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is illuminated with red light covering F” absorption 
band region, the transmission of F’ band returns 
to the initial value. In cases of M and N bands, 
after the F-light is turned off, transmissions return 
to the value before the illumination. Moreover, in 
the case of M band, the decay of the transmission 
is slower than that in N band. 
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Fig. 1. a: The absorption curve of the crystal 


containing F, M, R and N centers at 90°K. 
b: The temporary increases of the transmission of” 
the crystal illuminated with F-light at 90°K. 
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Fig. 2. The transmission changes with time in F’, 
M and N bands. 


These facts may show that electrons released 
from F' centers are trapped temporarily by M and 
N centers forming M’ and WN’-type centers and 
cause decreases of Mand N bands. The M’ and 
N’-type centers are quite unstable at 90°K and N’ 
center is more unstable than M’. 

The detailed studies of color centers by the tem- 
porary bleaching have beeing carried out in KCl 
crystals in various stages of center formation. 
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Magnetic Annealing Effect in Cobalt 
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Recently, Takahashi and K6no!) observed that 
a ferromagnetic anisotropy is induced in Co when 
annealed in magnetic field. In this effect the allo- 
tropic transformation of Co at 417°C2) seems to 
play an important réle. The present study was 
made for the purpose of making clear the origin 
of this anisotropy induced by magnetic annealing. 
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Fig. 1. Torque curve measured at room temper- 
ature. 
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Fig. 2. Temperature dependence of the induced 
anisotropy, compared with the crystal anisotropy 
energy measured by Sucksmith and Thompson. 
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Several polycrystalline specimens were prepared 
from Co metal of ca. 99.3% purity. After melted 
in vacuo and annealed at 1000°C, they were machined 
into disc shape of ca. 15mm in diameter and ca. 
1mm in thickness. The specimens were annealed 
at 600°C for 2 hours, and then cooled with cooling 
rate about 5°/min, in an applied magnetic field of 
about 8 KOe from above the transformation temper- 
ature. Torque curves were measured in effective 
magnetic field of about 10KOe by an air-bearing 
torque magnetometer at room temperature. 

An example of them is shown in Fig. 1, which 
shows a uniaxial anisotropy with the direction of 
easy magnetization perpendicular to that of mag- 
netic field applied on cooling. 

The temperature dependence of the induced an- 
isotropy energy K,, was measured over the temper- 
ature range from 90°K to 700°K, compared with 
the crystal anisotropy energy K, measured by 
Sucksmith and Thompson?) as shown in Fig. 2. 

From this result one can deduce the origin of 
the induced anisotropy. As well known, on the 
transformation of Co, one of the 4 sets of the {111} 
plane of f.c.c. phase is conserved parallel to the 
(00-1) plane of h.c.p. phase, so there are possi- 
bilities that one f.c.c. grain is transformed into 
at most 4 h.c.p. grains of different orientation. 
When applied magnetic field, each grain will trans- 
form preferentially so that the f.c.c. (111) plane 
of the least angle to the direction of magnetic field 
should be parallel to the h.c.p. (00-1) plane. So 
the orientation of h.c.p. grains is no longer 
completely random and a uniaxial anisotropy is 
observed with the direction of easy magnetization 
perpendicular to that of magnetic annealing when 
measured below 250°C. 

In this mechanism the magnetic field may play 
some rdéle only in the process of developing the 
stacking faults, nuclei of h.c.p. phase*), which lie 
in the f.c.c. (111) plane with the least angle to 
the direction of magnetic field. 

We propose that contribution of crystal aniso- 
tropy energy to the mechanism of this effect may 
be more important than that of magnetoelastic 
energy in the dynamics of the allotropic transfor- 
mation of Co. 

The detail will soon be published in this journal. 
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Mossbauer Effect of the Intermetallic 
Compound UFe: 
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and Hidekuni TAKEKOSHI 


Jepan Atomic Energy Research Institute, 
Tokai-mura, Ibaraki.ken 
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In the previous note!) the intermetallic compound 
UFe, has been found to be ferromagnetic with 
Curie temperature at 195°K. The magnetic mo- 
ment associated with this ferromagnetism has also 
been determined to be 1.13 Bohr magnetons per 
molecule of UFe:, magnetic moment contributions 
of each constituent atoms, uranium and iron, are 
still left to be clarified. 

In our present investigation the hyperfine field at 
the position of Fe5”? nuclei in UFe, has been meas- 
ured by means of Mossbauer effect. The transmis- 
sion through the powdered UFe, sample of 14.4 kev 
gamma-ray emitted from Co5? incorporated in silicon 
has been observed at liquid nitrogen temperature 
as a function of the velocity of gamma-ray source. 
The UFe, sample used for the present experiment is 
the same one as that prepared in the magnetic 
measurement!). 

The absorption lines for UFez, stainless steel and 
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Fig. 1. Absorption spectra obtained with Fe*’ in 
UFe, and with some other samples asreferences. 
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metallic iron at room temperature as well as that 
for UFe, at liquid nitrogen temperature have been 
measured for comparison as shown in Fig. 1. The 
spread of six absorption lines observed for metallic 
iron at room temperature which are shown schema- 
tically in the Fig. lc) corresponds to the hyperfine 
field of 330 koe?) and are taken to be the standard 
of hyperfine field. One of six absorption lines for 
metallic iron illustrated in the Fig. 1c) gives the 
linewidth of the both natural and instrumental 
origin which is independent of the hyperfine field. 

The estimated value for the hyperfine field at the 
position of Fe? nuclei in UFe, at room tempera- 
ture has been determined from the observed line- 
width of Fig. 1a) to be 20+8 keo which is slightly 
larger than that for stainless steel at room tempera- 
ture shown in Fig. 1b). The value for the hyper- 
fine field at the position of Fes? nuclei in UFe, at 
liquid nitrogen temperature has also been found from 
Fig. ld) to be 654+8 koe which may be compared 
consistently with the value for the magnetic mo- 
ment of 1.13 Bohr magnetons per molecule of UFes. 

The absorption pattern for UFe, at liquid nitro- 
temperature does not resolve into six lines but 
spreads broadly. Contrary to the expectation from 
the fact that the intensity of the two outer-most 
absorption lines is three times larger than that 
of two central lines in usual Mossbauer experiment 
of Fe5’, the both ends of the pattern decrease 
gradually with the velocity of the gamma-ray source. 
This indicates that the hyperfine field of Fe%’ in 
UFe, may take the fluctuating values below 65 koe. 
The reason for this is still uncertain because of 
the possible oxidation of the UFe, sample during: 
Mossbauer experiment and the insufficient resolu- 
tion of the measurement. 

The investigation of neutron diffraction for UFee. 
which are now being carried out in our laboratory 
may clarify the magnetic moment of each constitu- 
ent atoms in UFe, and the origin of the fluctuating 
hyperfine field further. 

The present authors are indebted to Mr. Y. Ha-- 
maguchi for his valuable discussions. 
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On Radiations from Plasma in a Static 
Magnetic Field 


By Kenji MITANI and Hiroshi KUBO 
Yoshida College, Kyoto University 
(Received March 3, 1961) 


Gross!) and Bernstein gave a dispersion relation 
for plasma oscillation in a static magnetic field. 
Kato) observed the above oscillations in a weak 
magnetic field. Here it is reported that the radi- 
ation which seems to be associated with their 
theory have been found. Measurements were carri- 
ed out, by use of a 3cm microwave radiometer?), 
on extraordinary waves radiated from the plasma 
perpendicularly to the applied magnetic field. 
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Fig. 1 shows the resonance curves obtained. In 
each curve, a minor peak appears on each side of 
the main peak, which, for various reasons, can be 
considered to be the cyclotron radiation, and will 
be called C-type peak. Of minor peaks, one on the 
left-hand side of the mine peak will be called P,- 
type peak and the other P-type peak. The mag- 
netic field intensity of P,-type peak is weaker than 
that of C-type, while the magnetic field intensity 
of Py-type is stronger than that of C-type. 

In Fig. 2, the square of the normalised magnetic 
strength giving the maximum intensity 7? is plott- 
ed against the normalised number density of elec- 
tron 7, where 7 is defined as the ratio of the 
cyclotron frequency w, to the microwave frequency 
w, and 7 the ratio of the square of the plasma 
frequency wy,?=4ne2N/m to w?, in which e, m and 


I= 300mA 
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N are the charge, mass and number density of 
electron. N’s are the values measured by the 
probe method in the absence of magnetic field, and 
then reduced to the case in the presence of magne- 
tic field. In this figure, the crosses (x) show the 
experimental values for C-type, the solid circles 
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Resonance curves for various discharge currents. 


(@) for P,-type and the open circles (©) for P»- 
type; and the solid curve C is obtained from the 
theoretical relation ;72=1—v7 for cyclotron resonance, 
where the collision is neglected because its effect 
is not significant. 

Now the P-type radiation (the radiation at P- 
type peak) will be compared with the theoretical 
results by Gross, who gave a dispersion relation 
for plasma oscillation in a static magnetic field: 

1 — UR er 0) AG 02)? Bane as 

where 0 is ck/w, in which ¢ is the light velocity 
and k the wave number in plasma; 6 is also ex- 
pressed by 4/dp», in which 2 and dy» are wavelengths 
in free space and in plasma. Furthermore in the 
above equation, the positive sign is adapted for 62 
<1 and the negative for 1<62. The solid curves 
P, and P, were calculated from the above equation 
for 62=0.25 and 62=1.1 respectively. These 
curves agree well with the experimental results. 
From these values of 62, the wavelength of P,-type 
and P;-type peaks are calculated to be about 6cm 
and 3cm in plasma, these values being harmonic 
in the ratio of 2:1. ; 

Furthermore, it is found in our experiment that, 
when the P-type radiations exist, the power of 
cyclotron radiation were several decibels above the 
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level of black body radiation. 

In conclusion, it seems most reasonable to relate 
the P-type radiation with Gross’s expression. The 
authors greatefully acknowledge their indebtedness 
to Professor S. Kojima at University of Education 
for his encouragement and helpful discussion. The 
authors’ thanks are also due to Professor I. Taka- 
hashi at Kyoto University for his kind suggestion 
and discussion. 
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Magnetic Annealing of Cobalt 


By C. D. GRAHAM, JR. 


General Electric Research Laboratory 
Schenectady, New York 


(Received March 8, 1961) 


Takahashi and Kono have reported very large 
negative values of the uniaxial magnetic annealing 
anisotropy K, in cobalt, and have suggested that 
this anisotropy is associated with the cubic-to-hexa- 
gonal phase change which occurs near 400°C.?) 
This note presents a more detailed mechanism for 
the magnetic annealing, and describes an experi- 
ment which confirms the proposed mechanism. 

Face-centered-cubic cobalt transforms martensi- 
tically to hexagonal cobalt in such a way that the 
[0001] direction of a hexagonal grain is parallel to 
a <111> direction of its parent cubic grain.2) Since 
there are four <111> directions in a cubic grain, 
there are four possible orientations for a hexagonal 
grain within each cubic grain; normally, all four 
orientations should occur with equal probability. 
However, in the presence of a saturating magnetic 
field there will be an energy difference of (K,+ K2) 
between hexagonal grains with [0001] axes parallel 
and perpendicular to the applied field. Here Kk, 
and K, are the first and second crystal anisotropy 
constants of hexagonal cobalt, at the transformation 
temperature. At 400°C, according to the data of 
Sucksmith and Thompson,?) this energy difference 
amounts to about 1.6 10° erg/cm’, and acts to favor 
hexagonal grains with [0001] axes perpendicular to 
the applied field [(Ki+K2)<0]. Thus the presence 
of a strong field during the transformation should 
tend to produce a fiber texture in a polycrystalline 
cobalt sample, with [0001] directions approximately 
perpendicular to the field applied during cooling. 
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This fiber texture is froxen into the material at 
all lower temperatures and causes the observed 
uniaxial anisotropy. 

Just below the transformation temperature, the 
induced uniaxial anisotropy K,, will be positive; 
that is, the easy direction will be parallel to the 
field applied during cooling. At about 300°C, the 
crystal anisotropy (K,+ Ks) goes through zero and 
becomes positive for lower temperatures; the in- 
duced anisotropy K,, must also go through zero at 
this temperature, since the induced anisotropy re- 
sults only from the presence of a crystallographic 
texture in the material. Below 300°C, K, must 
therefore be negative, meaning that the easy axis 
is perpendicular to the field applied during cooling. 
For all temperatures below the transformation, the 
temperature dependence of K,, should be the same 
as that of the crystal anisotropy (K,+K2), except 
that K, will be negative when (K,+ K2) is positive, 
and vice versa. 

To test this hypothesis, an untextured polycrys- 
talline cobalt disk, 12.5mm in diameter by 0.125 
mm thick, was cooled in a hydrogen atmosphere 
from about 900°C to room temperature with a field 
of 3000 Oe applied along a diameter. A torque 
curve measured at 10,0000Oe after this treatment 
showed the presence of a uniaxial induced aniso- 
tropy with K,,=-—200,000erg/cm%, which is about 
three times larger than the value given by Taka- 
hashi and Kono. This uniaxial anisotropy was then 
determined as a function of temperature from room 
temperature up to 325°C, by immersing the sample 
in a heated silicone oil bath while measuring the 
torque curves. The results are shown in Fig. 1, 
along with the values of (K,+K2) taken from Suck- 
smith and Thompson. Both curves go through zero 
just below 300°C and both are nearly linear with 
temperature, thus confirming the prediction of the 
model. The curve of K,vs. temperature was re- 
traced exactly on returning to room temperature, 
indicating that no permanent structural changes 
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had occurred on heating. 

The measured anisontropy of 200,000 erg/cm* at 
room temperature is about 6% of the value pre- 
dicted by this model if an initially untextured cubic 
material is transformed completely to hexagonal 
cobalt with the maximum possible fiber texture. 
The predicted torque curves for the induced aniso- 
tropy are not exactly of the form —K, sin 28, 
largely because of the influence of the K2 term; 
the measured torque curves appear to be quite 
accurately sin29 in form. The difference is pre- 
sumably due to smearing out of the ideal texture 
assumed in the calculation. 

I am grateful to J. D. Livingston and J. M. Lom- 
mel for helpful discussions of the problem. 
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Drift Mobility of Photo-Injected Electrons 
in Hexane-Silicone Mixture 


By Pyon-un CHONG and Yoshio INUISHI 


College of Engineering, Osaka University, 
Osaka, Japan 
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As was reported previously!) 2), drift mobility pz 
of photo-injected electrons in n-Hexane and in Ben- 
zene has following characteristics. 

(1) They do not show any field dependency upto 
0.5MV/cm being 110-3 cm2/sec. V for Hexane and 
0.45 x 10-3 cm2/sec. V for Benzene at 20°C. 

These magnitude are much smaller than the value 
for perfect free electrons in inert liquids?). 

(2) With decreasing viscosity due to increasing 
temperature, d-ift mobility ~ increases following a 
kind of Stokes type law 


p=k-y-” (oD) 
nm is 2 for n-Hexane and 1.5 for Benzene. 

From these expeiimental facts the migration of 
either attached negative ions or polaron-like elect- 
rons following injection of electrons from cathode 
was speculated to be the mechanism of the conduc- 
tion in pure liquid. 

To clarify these points further, several experi- 
ments!) have been continued by us with the same 
apparatus which was described in our previous 
papers.) 2) 
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In this paper the mobility of photo-injected elect- 
rons in n-Hexane-Silicone oil mixture will be men-% 
tioned. The Silicone oil used has mean molecular § 
weight 1200 and viscosity 6x10-? poise at 20°C. 

By mixing n-Hexane and the Silicone at various 
proportion, it has been possible to vary the visco- 
sity of the mixture for a wide range. Fig. 1 shows 
the dependence of the drift mobility of photo- 
injected carrier on the viscosity of the mixture. 
Although mobility decreases with increasing visco- 
sity, it is not possible to cover all range by,simple 
Stokes law (1) with constant n. 


“—— Pure n-Hexane 
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Applied voltage IOOOV) 


20°C 


Pure Silicone ill 


Drift Mobility jm (crmr%us.) 


2 4.6 810% 2 4 6 810° 
Viscosity (poise) 
Fig. 1. The relation between » and 7 in n-Hexane 
Silicone oil mixture. 


For larger Silicone content n is almost equal to 
1 and Stokes type law (1) seems to be valid. These 
situations may be possibly due to larger electron 
attachment cross section in Silicone and negative 
ion migration produced by attachment. On the 
contrary, the mobility in pure Hexane seems to be 
abnormally higher than the value obtained from 
extrapolation of the mixture value. Measurement 
in n-Hexane vapour shows little attachment. Ac- 
cordingly we may speculate the migration of 
polaron in pure Hexane. Initial steep decrease of 
the mobility with increasing Silicone might be re- 
lated to the attachment due to Silicone or impuri- 
ties in Silicone. 
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Magnetic Domain Observation of BaFe:.01. 
by Faraday Effect 
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Magnetic domain of BaFe,.O,9 after magnetizing 
at various field was observed by Faraday effect. 
Small single crystals have been prepared by the 
similar method as Brixner!). That is, 1.67 g FeO, 
with 55g BaCl, in an alumina crucible was heated 
at 1250°C for 4hr in O, stream and cooled at the 
rate of 5°C/hr to room temperature, then the mix- 
ture was washed with hot HCl solution. After 
magnetic separation black magnetic crystals about 
2-3mm in diameter were obtained and their X-ray 
powder pattern was in agreement with ASTM File 
Card 7-276. From these crystals, thin platelets 1- 
10u in thickness were selected under microscope 
and fixed on an ordinary coverglass of 0.15mm 
thick with Cemedine. 

Domain structure on c-plane was observed by a 
polarising microscope. The colour of transparent 
platelets for tungsten lamp were dark red to yellow- 
ish orange according to their thickness, so that the 
contrast of the domain can be increased with red 
or orange filter. After applying various fields 


(a) (b) 


(d) 


Fig. 1. Domain patterns of BaFe;2.019. 
(a) demagnetized state, 
(b) after applying 8190 Oe parallel to c-axis, 
(c) ‘trapped’ cylindrical domain near holes, 
(d) nucleation center after applying 5760 Oe. 
Magnification is same for all photographs- 
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domain structure was observed at elevated temper- 
ature up to 250°C without magnetic field. Fig. 1 
shows the domain structures of the platelets, 6.0u 
thick and the following results were obtained from 
these investigations: 

(1) Labyrinth pattern was observed for demag- 
netized crystal, ((a)). 

(2) Comparatively parallel domain was observed 
after magnetized at high field ((b)), and the critical 
field from which, opening of the hysteresis loop 
occurs, was about 6000Oe and rather high com- 
paring with the results of Kooy and Enz?), After 
decreasing the field from the region between 2440 
Oe and 5760 Oe, the specimen may take the men- 
tioned both kinds of patterns at random case by 
case. 

(3) Cylindrical domain, which is stable only at 
higher field as reported by Kooy, was often ‘ trap- 
ped’ near crystal imperfection, i.e. hole, edge or 
sometimes even in the middle of plane surface, 
((c)). 

(4) Parallel domain usually spreads from a nucle- 
ation center but some crystals have no center at 
all. These domains were essentially straight but 
slightly waved and the period became larger when 
the applyed field was increased. 

(5) Saturation field became naturally much high- 
er, if the field was applyed perpendicular to c-axis. 
In this case, after magnetizing just below satura- 
tion, ‘crushed’ labyrinth along the direction of 
applyed field was observed, which shows that the 
domain wall parallel to the field is more stable 
than the perpendicular one. 

(6) Domain could hardly observed at 250°C due 
to the decrease of contrast but increase of domain 
width could be clearly followed up to about 200°C. 

(7) Calculated thickness’) of the platelets from 
the domain width was reasonable comparing with 
the value measured by microscope but the increas- 
ing rate of domain width during heating was fairly 
larger than the theoretically expected one. 

Details will be published in the near future. 
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from Flux 
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As zinc sulphide is a material that evaporates at 
the temperature far below the melting point, normal 
solidifying crystallization technique fails. The 
single crystals of it are generally obtained by evapo- 
ration or vapour-reaction method. The growth 
from solutions has not been reported so far except 
hydrothermal synthesis!) because of the difficulty 
in obtaining fluxes or solvents that are suitable for 
this purpose. On the other hand it is well known 
in the case of phosphor firing that the addition 
of a few percent of flux, such as alkali halides, 
promotes the crystallization of phosphor particles. 
However, the size of the obtained crystals is ex- 
tremely small and rarely exceeds ten microns. 

Attempts have been made to grow single crystals 
of zinc sulphide with considerable size, using sodium 
chloride as solvent flux. The schematic figure of 
the furnace used in the experiments is illustrated 
in Fig. 1. The growing apparatus is composed of 
double quarts tubes, the inner of which contains 
about 100 grams of sodium chloride as flux and ten 
grams of luminescent pure zinc sulphide powder 
as starting materials. The outer tube is at first 
sealed and evacuated at 200°C for a few hours for 
dehumidification. Then it is warmed up to about 
1070°C in the atmosphere of dried nitrogen, where 
it is held at least ten hours. The system is sub- 
sequently cooled at the rate of 10~20deg/hr above 
the transition point at 1040°C and then cooled with 
much faster rate. The crystals are grown as the 
result of spontaneous nucleation and subsequent 
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Fig. 1. Cross section of the furnace and growing 
devices. 
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Photo. 1. Single crystals of zinc sulphide. 


growth in the flux or on the surface of the ZnS 
powder. Most crystals are needle-like with maxi- 
mum size about 10mm in length and 0.2mm in 
diameter. However, if the system has been warmed 
up above 1100°C, no needle-like crystals can be 
obtained, owing presumably to the abrupt change 
in crystal habit. 

The X-ray and polarising microscope examinations 
indicate that the structure of these crystals is 
mainly wurtzite type, and that their long axis coin- 
cides with crystallographic c-axis. Mixed structure 
is found, however, in the crystals that have been 
slowly cooled beyond the transition point. 

Spectroscopic analysis shows the presence of 
sodium of the amount from 0.05% to 0.5%. It 
also detects the traces of Fe, Cu, and Si which 
are supposed to have come from flux. 

The crystals show very weak luminescence of 
yellow-green when irradiated with 3650A UV light. 
The emission colour, however, changes to blue- 
white with increasing exciting light intensity. The 
phosphorescence is always yellow-green in both 
cases. 

The yellow-green emission seems presumably due 
to accidental impurities. Another emission of blue- 
white, may be attributed to host crystals activated 
with chlorine. 

The author would express his sincere gratitude 
to Dr. Osamu Harashima, who has guided and en- 
couraged him, and to Mr. Ichizo Uchida for his 
continuous support and valuable discussions. 
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Effect of Neutron Irradiation on Carrier 
Lifetime in Si 


By Kenji MATSUURA and Yoshio INUISHI 
Faculty of Engineering, Osaka University 
(Received May, 9, 1961) 


The effect of neutron irradiation on the carrier 
lifetime rc in silicon and its annealing process were 
observed. 

Single crystal specimens of N-type Si were ir- 
radiated with thermal neutrons in No. 16 hole of 
Japan Research Reactor No. 1. After a dose of 
1.11015 nvt, the decay in photo-conductivity at 
room temperature with X, light pulse (1 »S) excita- 
tion was observed by microwave absorption me- 
thod.!)2) As shown in Fig. 1, the decay curve 
shows fast recombination decay component (r,-) and 
slow thermal release component (c;) without D. C. 
bias light shining, but the longer decay time com- 
ponent disappeared under strong external bias light 
illumination. Accordingly shallow trapping centers 
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N type Si, following 1.110! nvt neutron ir- 
radiation. Annealing time of these crystals is ten 
minutes at each temperature. (ct; is the recom- 
bination lifetime before neutron irradiation.) 
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(which were not found before irradiation) must 
have been introduced in Si by neutron irradiation. 
These shallow trap formation was not found in 
case of ;-irradiation. By measuring temperature 
dependence of slow decay time constant c;, energy 
levels of these shallow traps were found to locate 
at 0.17 ev above the valence band (or below the 
conduction band) for 40cm, Sb-doped pulled Si, 
whereas 0.11 ev in 20 9 cm floating zoned N-type Si. 
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Fig. 3. Isothermal annealing curves of a pulled 
N-type Si and a floating zoned N-type Si follow- 
ing 1.1105 nvt neutron irradiation. (t,o and 
trzp are the recombination lifetimes before and 
jus tafter neutron irradia tion, respectively) 


The isochronal and isothermal annealing curves 
of recombination lifetime 7c, are shown in Fig. 2 and 
Fig. 3 respectively. The annealing curves seem 
to consist of 2 steps as shown in Fig. 2 and Fig. 
3. The activation energy for pulled Si seems to 
be a little larger than that for floating-zoned Si, 
and the lifetime is more deeply damaged in the 
latter than in the former at the same nvt. The 
abnormal peak in annealing curve which was found 
in pulled Si in the case of y-irradiation®), was not 
found in this case. 

The relation between lifetime damage and A- 
center formation is being investigated. 
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Ferromagnetism of the Intermetallic 
Compound UFe: 


By Shigehiro KomuRA, Nobuhiko KUNITOMI, 
Yoshikazu HAMAGUCHI and Masanobu SAKAMOTO 


Japan Atomic Energy Research Institute, 
Tokai-mura, Ibaraki-ken 


(Received May 23, 1961) 


The intermetallic compound UFe; has been known 
to be ferromagnetic!), but no detailed observation 
of the magnetic properties of UFe, has been re- 
ported. In this study the magnetic properties of 
UFe, has been investigated for the temperature 
range from 300°K down to 100°K and it has been 
found that UFe, really shows an evidence of fer- 
romagnetism with Curie temperature at 195°K. 

The materials used for the sample were 99.9% 
metallic uranium and 99.9% electrolytic iron. The 
quantities of materials according to the formula 
UFe, were melted together in vacuum with an 
induction furnace in a crucible of sintered alumina. 
The materials were held at 1300°C for an hour, then 
cast into a graphite vessel and cooled down naturally 
to room temperature. The sample has been proved 
to be stoichiometric within 1% by chemical analysis 
and no extra lines other than UFe, have been ob- 
served in X-ray diffraction patterns. 

The temperature variation of magnetization of 
UFe, under various magnetic fields up to 6.5 koe 
has been measured over the temperature range 
from 225°K to 104°K and replotted isothermally as 
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Fig. 1. Magnetization curves of UFe, at various 
temperatures. 
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a function of field as given in Fig. 1. By extra- 
polating the plots to zero field at each temperature 
by means of the least square method using the 
formula 
J(H, T)=J(O, T)+aH—b/H? , 

the temperature dependence of the spontaneous 
magnetization of UFe, has been obtained as shown 
in Fig. 2. The Curie temperature of 195°K and 
the spontaneous magnetization at absolute zero of 
18.0 emu/g and hence the effective Bohr magneton 
number of 1.13 per molecule of UFe, have been 
determined from Fig. 2. 
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Fig. 2. Spontaneous magnetization vs. tempera- 
ture curve of UFe:. 


It is interesting to compare the present result 
with that for the antiferromagnetic UMn,2) which 
shows lambda type anomaly of susceptibility at 
260°K with a small parasitic ferromagnetism below 
230°K. As UMn, and UFe, are isostructural, the 
study of the ternary alloys of these three elements 
may reveal some interesting information concerning 
the electronic structure and are now in progress in 
our laboratory. 

The authors express their thanks to Mr. H. 
Watanabe for the sample preparation and to Mr. 
H. Motohashi for-X-ray analysis. 
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Oscillations in a Plasma in a Weak 
Magnetic Field 


By Shoji KoJImMA, Eiichi KAWASAKI* 
and Kiyoe KATO 


Tokyo University of Education, 
Otsuka, Tokyo 


(Received April 8, 1961) 


One of the authors (K. K.) reported the plasma 
type oscillations in a bounded plasma in a weak 
external magnetic field!). Here similar experiments 
are performed at somewhat different conditions, 
and standing waves between electrodes are observ- 
ed. These happen when either the discharge tube 
has the cathode of a good electron emission or the 
pressure of the tube is sufficiently low. 

The discharge tubes were filled with mercury 
vapour. When the pressure of the tube was about 
10-4mm Hg, the oscillations were detected by a 
super-regenerative detector adjusted to the frequen- 
cy of 714Mc. A result is reproduced as a function 
of discharge current J, and of magnetic field 
strength Hin Fig.1. The intensities of oscillations 
In which were measured simultaneously on a oscil- 
loscope are also shown in the same figure. It is 
found from these results that the oscillations have 
large dependence on the discharge current, but 
small on the magnetic field except for quenching 
at fa=n-fe, where fz is the frequency of the de- 
tector and f, the electron cyclotron frequency. 
Such oscillations were investigated in detail in the 
region from 250 gauss to 450 gauss when the pres- 
sure was 8x10-4mm Hg and it was observed that 
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Fig. 1. Plots of discharge current vs. external 
magnetic field strength for the oscillations of 
constant frequency, and change of intensity of 
of the oscillation. 


* Nihon University, Kandasurugadai, Tokyo. 
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they have the fine structure as shown in Fig. 2. 
Then, the existence of the standing waves between 
electrodes was verified and numbers of half-waves 
were measured by a movable probe. The obtained 
number is indicated at the corresponding oscillation 
in the same figure. The fine structure seems to be 
originated from change 0 the number. 
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Fig. 2. Plots showing relation of magnetic field 
strength and discharge currents which generate 
the oscillations of 714 Mc. 


In the previous experiments, only the weak elec- 
tron beam could be obtained because of the higher 
pressure and of the poor electron emission of the 
cathode, and by it the local oscillation was excited 
mainly. Such local oscillations were observed with- 
out external magnetic field by Merrill and Webb??, 
Kojima et al.3) and Mahaffey+). In the previous 
paper, it was reported that the local oscillation 
propagates predominantly in a direction perpen- 
dicular to the magnetic field, which was applied 
parallel to the discharge current. Now that the 
pressure is low and the tubes have cathodes of a 
excellent electron emission characteristic in the 
present experiment, the strong electron beam can 
be obtained. This strong electron beam excites the 
plasma oscillation along its path. This phenomenon 
was verified with a external electron beam by Boyd 
et al.5) and Kharchenko et al.%). The standing 
waves between electrodes are formed by the beam 
when the plasma frequency is adequate against the 
distance between electrodes. Such standing waves 
will grow up to the perfect ones of Looney-Brown 
type”) in the suitable uniform plasma. Hence they 
propagate in a direction parallel to the magnetic 
field and are almost indepent of its strength. 
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ESR Spectra of Irradiated Polyvinylalcohol 
and Its Related Compounds 


By Seiji OGAWA* 
Japanese Association for Radiation Research 
on Polymers, Tokyo 


(Received April 18, 1961) 


ESR Spectrum of y;-irradiated polyvinylalcohol 
(PVA) is of a superposition of two types of patterns 
which are easily separated at suitable conditions. 
One of them is a triplet pattern spaced by 35 gauss 
and the other is a diffuse singlet which has longer 
life at room temperature but more rapidly decays 
near the second order transition temperature than 
the former. 

As in the cases of other various organic solids, 
the reasonable interpretation of those spectra has 
not been well established. The obscurity in the 
interpretation of ESR spectra of organic free radi- 
cals trapped in solid state may partially be caused 
by the fact that the two protons of §-methylene 
group bonded to the central carbon atom where 
the unpaired electron is localized do not always 
contribute equally to the hyperfine structure of 
ESR spectrum!). 

Characteristic ESR spectrum of irradiated cyclo- 
hexanediol-1,4 is triple triplet (Fig. l-a). As the 
interpretation of the spectrum the following con- 
siderations ae be reasonable: 


cra 


protons of the we B-CH2 groups contribute to the 
hyperfine structure with splitting 37 gauss and the 
two equatorially bonded protons with 11 gauss. 
These splittings are reasonable values, satisfying 
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AH=A40 cos?6, 06, = 208 

Here @ denotes the rotation angle between the 
C-H bond and a p-orbit of the unpaired electron 
around the C-C bond.!)—#) 

In the case of messo-pentanediol-2, 4, which re- 
sembles to PVA in chemical structure, a double 
quartet spectrum (Fig. 1-b) is obtained at room 
temperature and the spectrum changes to the one 
as shown in Fig. 2-c when cooled to or below 110° 
K. This change is reversible. This indicates that 
the rotation of the CH; group bonded to the central 
carbon atom of the free radical is not free enough 
at low temperature. The chemical structure of the 
corresponding free radical may be considered as 
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Fig. 1. ESR spectra of irradiated alcohols. 
a) Cyclohexanediol-1,4. Splitings, 37+2 gauss 
and 11+2 gauss. Line width, 6 gauss. 
b) Pentanediol-2,4 at 300°K. Splittings, 32+2 
and 21+2 gauss. Line width, 6 gauss. 
c) Pentanediol-2,4 at 77°K. Splittings, 35+2 
and 16+2 gauss. Line width, 12 gauss. 
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Fig. 2. ESR spectra of irradiated PVA fibre 
(draw ratio 10). 
a) 6-axis parallel to magnetic field H. 
b) b-axis rotated by 45° to H. 
c) b-axis normal to H. 


Splitting, 3543 gauss. Line width, 15 gauss. 
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One proton of the CH, group is to lie on the nodal 
plane of the p-orbit of the unpaired electron and 
the free radical could take such a steric configura- 
tion if the original hydrogen bonds in the crystal 
reserved almost completely. 

In the case of PVA the triplet pattern may be 
interpreted similarly as pentanediol-2,4. The free 
radical which corresponds to the triplet pattern is 
known to be trapped almost in crystalline parts of 
irradiated PVA and the triplet pattern of orientated 
PVA fibre, thermally elongated by the ratio of 
drawing, 10, does not display the orientation de- 
pendence which is expected for a-H. The splitting 
of 35 gauss is also too large for a-H. (Fig. 2-a, 
b,c) So it seems reasonable to consider that the 
free radical does not contain a-H and the structure 
is) ti —-CHCH:~ . 


| 
OH 


the identification of free radicals in solid state is 
difficult for a system without some regularity in 
the steric configuration of @-H. 

The author would like to express his thanks to 
Dr. E. Nagai for his offering pentanediol-2, 4. 


It can be said safely that 
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Emission Spectra of Potassium Bromide- 
Thallium Phosphors 


By Tokumichi TAMAI and Eiichi MATSUI 


Department of Physics, Faculty of Science, 
Kyoto University 


(Received April 26, 1961) 


Emission spectra of potassium bromide-thallium 
phosphors have been studied at liquid nitrogen, dry 
ice plus alcohol, and room temperatures. Single 
crystals were the same ones whose absorption 
spectra have been reported!). Monochromatic ex- 
citation was provided by a quartz prism spectro- 
meter with a high pressure xenon are lamp; the 
intensity of emission was measured at right angles 
to the crystal by an RCA 1P28 photomultiplier 
after dispersion of the emission in a Beckman type 
monochromator. Spectral sensitivity of the photo- 
multiplier was taken from the data in the RCA 
tube handbook. 
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Emission spectra of the potassium bromide-thallium 
phosphors have been reported by several authors?). 
The present authors have obtained results slightly 
different from previous investigators at A and C 
bands and also found the emission excited at B band. 
Fig. 1 shows emission spectra at three different 
temperatures. Emission curves excited at A, B 
and C bands were the same. The emission curve 
at room temperature shows a single broad flat- 
topped peak centered at 350myp. The curve at 
liquid nitrogen temperature consists of two well- 
resolved bands at 317 mp and 365my. Both bands 
show approximately Gaussian shape. Further dis- 
cussion with detailed measurements will be reported 
in a near future. 
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Fig. 1. Emission spectra of potassium bromide- 


thallium phosphor. 

Measurements; ©): at liquid nitrogen temper- 
ature, xX: at dry ice plus alcohol temperature, 
A: at room temperature. 


The authors would like to exprees their gratitude 
to Prof. Y. Uchida for his kind guidance and con- 
tinual interest in the work. 
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Tetragonal Distortion in Copper 
Manganite-Chromite System 


By Sydhei MIYAHARA, Kiyoshi MURAMORI 
and Naoki TOKUDA 


Department of Physics, Faculty of Science, 
Hokkaido University, Sappro, Japan 


(Received May 11, 1961) 


According to Dunitz and Orgel!) cupric and man- 
ganese ions in spinel crystals give rise to crystal 
distortions of a type of c/a<1 and c/a>1 for occu- 
pations of tetrahedral and octahedral sites respec- 
tively. CuCr,O, in which cupric ions are placed in 
tetrahedral sites, has been confirmed experimentally 
to be a tetragonal structure with c/a<1?). In 
CuMn,0, where cupric and manganese ions are 
placed in tetrahedral and octahedral sites respec- 
tively, directions of distortions by both ions in 
tetrahedral and octahedral sites are opposite and 
therefore these distortions will be partly compen- 
sated. In order to investigate the crystal structure 
in such a situation as in CuMn,0,, copper manganite- 
chromite system have been studied. 

Specimens are prepared from powders of CuO, 
Cr,03 and Mn3;0, which are made by calcining each 
salts. The mixtures are fired for three days in air 
at 800°C. Both specimens cooled slowly from 
800°C to room temperature at the rate of 15°C/h 
and quenched in water have been measured with 
a X-ray diffractometer. 

Lattice parameters of the system at the room 
temperature are shown Fig. 1. The system has 
a cubic structure in the range 0Za1.0 and a tetra- 
gonal structure with c/a<1 in the range 1.0<a22.0 
where a cubic structure coexists except @=2.0. In 
the cubic region lattice parameters of specimens 
depend on a heat treatment and the degree of the 
dependence decrease with the increasing of the 
chromium concentration. Therefore it will be caused 
by manganese ions distorted oppositely to cupric 
ions. In the two phase region, increasing the chro- 
mium composition the intensity of the tetragonal 
phase decreases continuously and disappears at 
a a=2.0. On the other hand the intensity of the 
cubic phase decreases continuously with the decreas- 
ing of the chromium concentration and disappears 
atra—ln0! 

As is shown in Fig. 1 increasing chromium con- 
centration the lattice parameter of the cubic structure 
in the two phase region deviates gradually from 
cube root of the unit cell volume of the tetragonal 
structure. 

As is shown in Fig. 2, the tetragonality is 
gradually decreased by the substitution of the man- 
ganese ions for the chromium ions, it will be how- 
ever seen that the tetragonality remains even near 


Short Notes 


(Vol. 16, 


@ 


ed 
fe) 


Lattice Parameter (A) 


~ 
o 


(0) 1.0 2.0 
@2 in CuMne-gCrq0a 
Fig. 1. The lattice parameter versus chromium 
concentration a. 
©: specimen cooled slowly. 
@: specimen quenched in water. 


Tetragonality C/o 
OS & (oy {2) 5 
§ 8 8 8 8 5 
ro) 

/ 


1.0 20 
@ in CuMnez-gCra Oa 


Fig. 2. The tetragonality versus chromium con- 
centration a. 
©: specimen cooled slowly. 
@: specimen quenched in water. 


the specimen where the tetragonality phase dis- 
appears. 

It is noticed that in the cubic rigion the lattice 
parameter and the diffraction line width of the 
specimen depend on a heat treatment of the speci- 
men, while in the two phase region, they do not 
depend on it and even of the intensities of the both 
structures do not. 
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The directional correlation and the polarization-direction correlation of 
the 1.03 Mev-1.17 Mev gamma-gamma cascade in Sn!29 have been measured. 
It is found that the spin and the parity of the second excited state of 


Sn!20 is 4 and even, respectively. 


Introduction 


$1. 

McGinnis’ proposed the decay scheme of 
Sb?" having a half-life of 5.8-day, on the 
basis of the measurements of the spectrum 
of gamma ray and that of conversion electron. 
One of the present authors?’ (H. I.) revised 
recently the decay scheme of Sb!2°", as shown 
im Pig, 1. 


6 7or8 <i 
5.84 


(052) | 
(Q.015% Bt 2%) 
log ft=5.7 


1,70 
(43.7%B* 55.1% €) 
log ft=4.5 


ea ag ne 
505N70 


(20 
50SN70 


Ikegami’s level McGinnis’s decay scheme 


scheme 


Fig. 1. Revised level scheme of Sn!2° by Ikegami 
confirmed partly by present work. Decay scheme 
of Sb120m proposed by McGinnis is also shown. 


For the medium weight even-even nuclei to 
which Sn!”° belongs, several nuclear models®’—*) 
are used to explain the level spacings, the 
spins and the parities of the excited states 
as well as the transition probabilities. The 
second excited state of Sn‘? is rather con- 
sidered as the vibrational state than as the 
rotational state from the ratio of the energy 
of the second excited state to that of the first 
excited state. According to the quadrupole 
vibrational model of the even-even nuclei 


with spherical equilibrium shape, this level is 
expected as the degenerated two-phonon state 
having the level assignment of either 4+, 2* 
or 0+. Moreover, in the case of the spin 
value 2 of the second excited state, the tran- 
sition to the first excited state from the second 
excited state, is characterized by the pre- 
dominant E2 transition in Scharff-Goldhaber 
and Weneser’s free vibrational model*’, while 
by the predominant M1 transition in Shapiro’s 
prediction®’. Therefore, in order to resolve 
the ambiguity of the level assignment and 
the character of the gamma ray, it is very 
interesting that the directional correlation and 
the polarization-direction correlation measure- 
ments of the 1.03Mev-1.17Mev gamma- 
gamma cascade in Sn!”° are performed. 


§2. Source preparation and Gamma Ray 
Spectra 


1) Source preparation 

The 5.8-day Sb!2°™ was prepared by the 
irradiation of natural tin metal containing 
a fractional chemical impurity of about 1.7 
x10-° with an internal beam of 12-14 Mev 
proton in a 64 inch cyclotron at the Institute. 
for Nuclear Study, University of Tokyo, lead- 
ing to the reaction Sn(p,7)Sb. Irradiated tin 
was dissolved in aqua regia, then converted 
into 8N hydrochloric acid solution and ex- 
tracted with isopropyl-ether repeatedly. The 
organic layer was washed with 3N_ hydro- 
chloric acid and the solvent was evaporated 
off in the presence of 3N hydrochloric acid 
containing a small amount of hydro-oxylamine 
hydrochloride. This residual acid solution 
was used as the source for the measurement. 
of gamma ray spectrum and the directional 
correlation experiment. In the measurement 
of the  polarization-direction correlation 
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experiment, the source was electro-deposited 
onto the thin copper foil and made into a 
small ball and stuffed in a vinylchloride con- 
tainer whose wall thickness was about 1mm 
and its volume 1mm¢x2 mm. 


2) Gamma ray spectra 

The single gamma ray spectra were meas- 
ured with a 20-channel pulse-height analyzer, 
as shown by curve A in Fig. 2. 


Q, 


y__ Curve A 
~0.60 


Relative counts 


fs) 


SO™N4O"HOO 
Pulse height 


Fig. 2. Gamma ray spectra of Sb!20m, Curves A 
and B give the spectra obtained from natural 
and enriched tin, respectively. The shaded por- 
tions represent the windows of the pulse-height 
analyzers in the measurement of the directional 
correlation. 


The peaks corresponding to the 0.09, 0.20, 
1.03 and 1.17 Mev decay with a half-life of 
about 6-day, but the peak appearing at about 
‘0.6 Mev decays with a half-life of about 3- 
day. The latter peak was considered reason- 
ably as the composed peak of the cascade 
gamma rays” of Te!”? following the decay of 
‘Sb!”? arising from the reaction Sn!??( p, 2)Sb!2?. 
In Fig. 2, curve B was obtained from 98% 
enriched Sn!”° whose chemical form was SnOs. 
The peak corresponding to about 0.6 Mev 
disappears completely. 


§3. Directional Correlation Measurement 


The source material was prepared in the 
form of SbCls in HCl solution and filled in 
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a 5mm in diameter and 5mm long Lucite 
case whose wall-thickness was 2.0mm. The 
attenuation of the correlation coefficient due 
to the quadrupole interaction in the inter- 
mediate state in the liquid form is considered 
to be negligibly small, as the mean life of 
the first excited state of Sn’*° is very short 
which is measured as 1.010-!%sec from the 
Coulomb excitation experiment’). A gamma 
ray goniometer at the Institute for Nuclear 
Study was used. The Dumont 6292 and 
RCA 6342 photomultiplier tubes mounted with 
Nal(Tl) crystals of 1%/,in. ¢x2in. were used 
as detectors. The distance between the source 
and the front face of each crystal was 7cm. 
The coincidence circuit was operated at a re- 
solving time 2r7=4x10-* sec and the windows 
of the pulse-height analyzers were set on the 
shaded portions in Fig. 2. The measurement 
was carried out at direction angles of 90°, 
112.5°, 135°, 157.5° and 180°. The accidental 
coincidence counts amounted to 1-7% of total 
conicidence counts. The experimental result 
and the most fitted curve are shown in Fig. 3. 
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Fig. 3. Directional correlation of the 1.03 Mey- 
1.17 Mev gamma-gamma cascade. The solid 
curved represents the least-squares fit of the 
experimental data. 


The measured coefficients take the following 
values: 


Ax’ = +0.0984+0.0013 , 
Ad =+0.0094+0.0005 . 


In order to obtain the true coefficients, the 
attenuation factors due to the angular reso- 
lution were measured by the use of Lawson 
and Frauenfelder’s method”. The gamma 
rays from Co® coming through the collimator, 
were detected so as to count only the photo- 
peaks. The measured angular resolution 
curves are shown in Fig. 4. 

The attenuation factor Q, is expressed as 
follows, using the angular resolution curve 


F (9): 
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Qr=(\r/ Jo)? ; 
where /,= | F(@)Px(cos 6)|sin 6|d0. The atten- 


uation factors obtained experimentally are 
Q2=0.926 > 
=O 1s. 


Using these values, the corrected coefficients 
Ay are determined as follows: 


Az=+0.106+0.002 , 
As=+0.012+0.001 . 


Counts 
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Fig. 4. Angular resolution curves measured at 
a distance of 7 cm for the 1.33 Mev and 1.17 Mev 
gamma ray from Co® source. 


§4, Polarization-Direction Correlation Meas- 
urement 

The gamma ray polarimeter reported pre- 
viously!” was used for the measurement of 
the polarization-direction correlation of the 
1.03 Mev-1.17 Mev gamma-gamma_ cascade. 
Its photograph is shown in Fig. 5. 

In this apparatus, the crystals for the 
direction and the side counters were both 
Nal(T1) of 14/2 in. in diameter and 1in. thick, 
and the scattering phosphor was a plastic 
scintillator of 4cm in diameter and 4.5cm 
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long which was composed of polystyrene, p 
terphenyl (1%), POPOP (0.03%) and zincstearate 
(0.03%). The distance between the source 
and the front face of the crystal for the 
direction counter and that of the scattering 
phosphor were both 5cm. The crystal for 
the side counter was placed at such a position 
that the distance between the front face of 
its crystal and the center axis of the sca- 
ttering phosphor was 5cm and the mean 
scattering angle at which the scattering events 
were detected was about 80°. The asymmetry 
ratio of the gamma ray polarimeter in the 


Fig. 5. Photograph of the gamma ray polarimeter. 


arrangement mentioned above was estimated 
as R=2.12 for 1 Mev gamma ray™. The 
electronic circuit was the same one used in 
the measurement! of Cd'!*. To eliminate 
the false coincidence count, the pulse-height 
analyzers in the side counter channel and the 
scattering phosphor channel were adjusted to 
stop out the pulses corresponding to the 
energy less than 320Kev and 250 Kev, re- 
spectively. The pulse-height analyzer in the 
direction counter channel was adjusted so as 
to count only the gamma ray higher than 
430 Kev. By these adjustment of the elec- 
tronic circuit, the contribution from the 
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gamma-gamma cascade"’,”” containing either 
0.09 Mev or 0.20 Mev gamma ray was removed 
completely. 

Nevertheless, as the source was made from 
natural tin, the contribution from the 0.69 Mev 
-0.56Mev gamma-gamma cascade in Te!” 
might be contained. But it was ascertained 
that its contribution was less than 1% of that 
from the 1.03Mev-1.17 Mev gamma-gamma 
cascade on the seventh day after bombard- 
ment, so that the analysis of data was not 
affected at all by this contribution. Under 
the above-mentioned experimental condition, 
the measurement was carried out at a direc- 
tion angle of 90° and the polarization of either 
1.03 Mev or 1.17Mev gamma ray was de- 
tected. The measured asymmetry are shown 
in Table I with the one in the case of Ti*® 
gamma-gamma cascade in which the gamma 
ray energy is almost the same as the present 
ones. 


Table I. Measured asymmetry in the measurement 
of the polarization-direction correlation. 


Nucleus | Cascade | Ni /N1 (90°) 
Snt20 | 1.03Mev-1.17Mev | 0.92+0.03 
Tiss | 0.89 Mev-1.12Mev | 0.92+0.02 


§5. Result and Discussion 


The measured directional correlation pattern 
agrees well with the one expected for the 
decay sequence of 2(D+Q)2(Q)0 (6=—0.18) as 
well as 4(Q)2(Q)0, so that we cannot accept 
the alternative. 


The averaged polarization-direction corre- 
lation function!” can be expressed as follows: 


for 4(E2)2(E2)0 
«WO, ¢)>av=1+0.1020P2(cos 8) 
+0.0091P.(cos 8) 
+[—0.0510P22(cos 8) 
+0.0008P.?(cos @)] cos 2¢ 
and for 2(M1+E2)2(E2)0, where 6=—0.18 
«WO, v)>av =1+0.1121P2(cos 6) 
+0.0102P.(cos 0) 
+[—0.1025P2?(cos 0) 
+0.0009P.?(cos @)] cos 2¢ 
and the p-value") which is defined as the ratio 


of <W(90°, 90°)>ay to <W(90°, 0°)>ay, takes 
the following values: 
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for 4(E2)2(E2)0 pHlA0, 
and for 2(M1+E2)2(E2)0, 
where 0=—0.18 Dz A209 . 


Therefore, it is possible to exclude sharply 
the alternative, by means of the polarization- 
direction measurement. The asymmetry ob- 
tained in the polarization-direction correlation 
measurement agrees very well with the 
measured one for the gamma-gamma cascade 
in Ti‘® which has the well-established decay 
sequence of 4(E2)2(E2)0 and its gamma ray 
energies are almost the same as that in Sn'”° 
detected in the present experiment. As the 
asymmetry is expected to be 0.81 for the de- 
cay sequence of 2(M1+E2)2(E2)0 (6=—0.18), 
this decay sequence should not be accepted. 
Consequently, it is concluded that the spin 
and the parity of the second excited state is 
4 and even, respectively and the transition 
from the second excited state to the first 
excited one is pure electric quadrupole tran- 
sition. 

This result is consistent with that obtained 
from the internal conversion measurement of 
1.03 Mev gamma ray by several authors”. 

Since the degeneracy of the second excited 
state is a consequence of the harmonic oscil- 
lator approximation in the surface vibrational 
model, it is expected that the degeneracy will 
be removed by higher order term in the nu- 
clear energy". The level assignment of 16 
min Sb’° is considered!) as 1+, on the basis. 
of the information of the transition to the 
ground and the first excited states of Sn!”°,, 
so that the transition from the 1* level of 
Sb to the second 2+ level of Sn, if it 
exist, could be detected. In order to realize. 
this possibility, 16 min Sb'?° was produced by 
the bombardment of 98% enriched Sn‘?° by 
7-8 Mev proton or the irradiation of natural. 
Sb by the fast neutron which is emmitted 
in the bombardment of 24Mev deuteron on 
graphite target, and the gamma ray spectra 
were measured carefully. 

However, the evidence of the existence of 
second 2+ level was not obtained. 

From these experimental results, the 2.20 
Mev level may by regarded as a two quasi- 
particle excitation level (/1/2)? in Kisslinger 
and Sorensen’s model!) on the single closed 
shell nuclei. 


However, as the absence of the second 2+ 
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level may be caused by the strong degeneracy 
of the triplet, the possibility of a two phonon 
vibrational level still remains. 
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The proton and neutron separation energies and the #-decay energies 
are estimated for most of the nuclei that have been dis- covered or will 


be discovered in near future. 


In this estimation four semi-empirical 


rules for the proton and neutron separation energies are usedin addition 


to the available experimental data. 


These rules are also used to eliminate 


the wrong data and to correct the wrong interpretations of the experi- 


mental results. 


The “best” values thus obtained are tabulated. Ex- 


planations are given for some of the data which are eliminated or need 


large adjustments. 


$1. Introduction 

It is needless to say that the nuclear (ground- 
state) binding energies, or equivalently the 
nuclear masses, are very important quantities 


for nuclear physics. A great many data have 
been acquired till now, and a quick view of 
them may be obtained in the recent papers 
of Everling et al.!’ In spite of these efforts, 
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however, the overall situation is still not satis- 
factory. If one looks into the data, one will 
be confused by many irregularities that are 
theoretically inexplicable. Most of these ir- 
regularities seem to be false ones being due 
to incorrect or insufficient experiments. 

The elimination of such false data has been 
facilitated by the use of mass formulas and 
nuclear systematics, in particular the $-decay 
energy systematics?.®). These have been also 
useful to estimate the binding energies for 
which no or only poor experimental data are 
available. 

In this paper we advance this kind of study. 
By making use of a systematics which is ex- 
plained in the next section, we try to eliminate 
the false data and estimate the “ best ” values 
as accurately as possible. 


§2. Systematics for the Proton and Neutron 
Separation Energies 


There are many kinds of systematics con- 
cerned with the nuclear binding energies. The 
systematics we use in this paper is that for 
the separation energies of the last protons or 
neutrons. Wedenote the proton and neutron 
separation en ergies of the nucleus with Z 
protons and N neutrons as S,)(Z, N) and 
Sn(Z, N) respectively. Our systematics consists 
of the following four rules. 

1. S,»(Z,even-N) for a fixed Z value in- 
creases smoothly (almost linearly) with JV. 

2. Sx(even-Z,N) for a fixed N value in- 
creases smoothly (aimost linearly) with Z. 

3. S»,(odd-Z, odd-N) is larger, and S,/even- 
Z,odd-N) is smaller than the values inferred 
from the smooth curves of the rule 1. Simi- 
larly, Sn(odd-Z, odd-N) is larger, and S,(odd- 
Z, even-N ) is smaller than the values inferred 
from the smooth curves of the rule 2. 

4. S§,(Z,N+1) is not much smaller than 
S»(Z, N), and Srn(Z+1, N) is not much smaller 
than S,(Z, N). 

Although the legitimacy of the above rules 
should be tested by the experimental data, 
we shall give some theoretical bases for them 
in the following. 

The non-smoothness of the nuclear pro- 
perties as functions of Z and N seems to be 
caused mainly by the Pauli exclusion principle. 
For example, there should be no magic number 
if there were no exclusion principle. If one 
plots S,(Z, N) as a function of Z, big discon- 
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tinuities occur at the proton magic numbers. 
The B-decay energy systematics?.*) has the 
same kind of discontinuities. These discon- 
tinuities are inconvenient to estimate the 
unmeasured quantities and also to examine 
the reliabilities of the experimental data. On 
the other hand, if one plots S,(Z, N) for a 
fixed Z value as a function of N as is used 
in the rule 1, the last proton which is our 
central object is always the same Z-th proton. 
Therefore, we can expect that the effect of 
the exclusion principle is mostly avoided in 
this kind of plots and a smooth function is 
obtained. The same argument holds for the 
rule 2. 

Sometimes, however, the addition of neu- 
trons or protons causes so marked change to the 
nuclear properties that the above-mentioned 
smoothness is broken. We have found three 
cases in which the rules 1 and 2 do not hold 
well. First, a discontinuity occurs when the 
point, Z=N, is passed through. This discon- 
tinuity is probably due to the symmetry energy 
between the protons and the neutrons which 
includes a part proportional to |N—Z|*. 
Second, discontinuities may occur for the plots. 
of the rule 1 when WN passes through a magic 
number, and for the plots of the rule 2 when 
Z passes through a magic number. This kind 
of discontinuity is much smaller than the dis- 
continuity of S,(Z, N) as a function of Z which 
occurs when Z passes through a magic number. 
Third, discontinuities may occur when the 
nuclei change their shapes markedly. A typi- 
cal example is that for the neutron numbers 
changing from 88 to 90. 

When the spin-parities of the low-lying 
states of the odd-mass nuclei are known, we 
can modify the rules 1 and 2 slightly. To 
do so, we deal with the proton and neutron 
separation energies from (or to) the lowest 
states with particular spin-parities instead of 
those from (or to) the ground states. For 
example, we consider the energies which are 
necessary for removing the last protons from 
the lowest 5/2+ states of the Sb isotopes. The 
modified rule 1 is that these energies increase 
smoothly with N. We can also deal with the 
energies which are necessary for removing 
the last protons from the lowest 7/2+ states 
of the Sb isotopes. They increase smoothly 
with N, too. These modified rules are ex- 
pected to hold somewhat better than the origi- 
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nal ones. 

In the above arguments the reason why N 
must be even for the rule 1 and Z must be 
even for the rule 2 is not stated. It will be 
easily seen that no odd-odd nucleus is con- 
cerned with the rules 1 and 2. Suppose a 
proton is added to the nucleus with even-Z 
protons and odd-N neutrons. If there were 
no directional coupling between the added 
proton and the original nucleus, the binding 
energy of the added proton would take a value 
which is close to that obtained from the in- 
terpolation of the plots of the rule 1, and the 
ground state of the final odd-odd nucleus would 
be a degenerate state with several spin values. 
Actually, however, there is some directional 
coupling, and the degenerate state splits into 
single-spin states. Among these states, our 
object is the ground state which has the 
largest binding energy. The binding energy 
of this ground state will be larger than that 
of the above-mentioned degenerate state; and 
accordingly, the proton separation energy of 
the odd-odd nucleus will be larger than that 
obtained from the interpolation of the plots of 
the rule 1. The rest of the rule 3 is explained 
in the same way. This rule was first dis- 
covered by Way’, and de-Shalit® gave an 
explanation from the standpoint of the shell 
model. 

We can refine the rule 3 in the following 
way. We arrange the nuclei and the proton 
and neutron separation energies as Fig. l. 


Fig. 1. Arrangement of nuclei. “ e-e ”, “0-0” and 
“0” mean the even-even, odd-odd, and odd-mass 
nuclei respectively. The letters between the 
nuclei stand for the proton and neutron sepa- 
ration energies. 
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The refined rule 3 is 
(2b—a—c)—(2e—d—f) 
=(2h—g—i)—(2k—j—I)>0. 

It follows from this inequality that the distance 
between the mass surfaces of the odd-odd and 
odd-mass nuclei is smaller than that between 
the odd-mass and even-even ones. There is. 
no definite exception to the refined rule 3, 
while there are a few exceptions to the origi- 
nal rule 3. 

The rule 4 is almost purely empirical. How-. 
ever, the following reasoning, though the pos- 
sibility of its justification in near future is. 
doubtful, may be helpful to understand it. 
S»(Z, N+1) may be divided into S,(Z, N) and. 
the interaction energy between the Z-th proton. 
and the NV+1-th neutron. Probably, there are 
both attractive and repulsive parts in the in- 
teraction between a proton and a neutron. 
In forming the ground state of the (Z, N+1): 
nucleus the Z-th proton and the N+1-th neu- 
tron take such configurations that the attrac- 
tive part is in the most use and the repulsive: 
part in the least use. Thus, the net interac- 
tion between the Z-th proton and the N+1-th 
neutron is attractive (at least, not strongly 
repulsive); and consequently, S»(Z, N+1)= 
Sa. ING: 

Actually, there are cases in which S,(Z, N)’s. 
are slightly larger than S,(Z,N+1)’s. The 
rule 4 is stated in a somewhat vague way 
taking account of this situation. 


§ 3. Estimation and Tabulation of S», Sn, Qe: 


As is mentioned in §1, our systematics ex- 
plained in §2 is not clearly seen when the raw 
data are plotted with preliminarily estimated. 
S» and S, values. We use every kind of data. 
concerned with the ground-state binding ener- 
gies. They include the reaction Q-values, the 
a- and 8-decay Q-values, and the mass values. 
Next, we adjust the data within the errors so: 
as to fit the systematics. The errors of the 
mass-spectroscopic data are taken to be three. 
times those given in the literatures. For the 
other kinds of data the errors in the literatures. 
are adopted in this stage. For the data with-. 
out errors the authors’ judgments are used. 
At the same time we improve the estimations: 
of the S» and S, values. It should be noted 
that these adjustments and improvements are 
not very simple since many quantities are 
mutually correlated. For example, ath=b+g 
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in Fig. 1. Although this procedure greatly 
improves the fit of the systematics, there still 
remain some deviations. Looking into the 
data which cause these deviations we usually 
find doubtful points in the experiments or in 
the interpretations of the experimental results. 
Then, we either eliminate these data or give 
different interpretations to them. After re- 
improving the estimations of the Sp and Sn» 
values we get the final results. The important 
thing to be mentioned is that a good fit of the 
data to our systematics is attained without 
adjusting the well-established experimental 
data. 

To collect the experimental data we mainly 
use the compilations of the nuclear data’.""".’”. 
Most of the data which appeared after these 
compilations had published are also included, 
but some of them may have escaped from the 
authors’ attention. Some of the new data 
which do not differ from the old ones signifi- 
cantly are neglected, since the inclusion of 
them does not seem to be so urgent as it 
necessitates tremendous labor. Most of the 
references of the new data can be found in 
the blue “Recent References” sheets of Nu- 
clear Data Sheets”. Therefore, the references 
of the new data are given only when they 
are not found in the above sheets".""".>#. For 
many nuclei with mass numbers A<70, the 
binding energies are very precisely known. 
For these nuclei the values in Reference 1 
are used with very few changes. As is seen 
from the argument in §2 our systematics is 
not very effective to estimate the binding 
energies of the relatively few nuclei with 
Z>WN. In such cases we use the systematics 
of the Coulomb energy differences between 
the mirror nuclei. 

The “ best ” values of the proton and neutron 
separation energies and the $-decay Q-values 
(Q- for B--decay and Q, for electron capture 
decay), which are the results of the above 
final adjustments, are tabulated in Table I. 
‘The value which is obtained directly from 
experiment is marked the asterisk, *. Some 
kinds of averages of the experimental data 
also belong to this class. For A<70 the re- 
sults of the least squares method” are classified 
here. The value which is obtained from the 
experimental value after adjustment within 
the error is marked the dagger, ¢. The ex- 

‘perimental data with much poorer accuracies 
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than those of the adopted values (calculated 
or estimated values) are excluded from the 
above two classes even though they coincide. 
The mark, #, is attached to the value which 
is obtained from the experimental value after 
adjustment beyond the error. The value with- 
out any mark and without parentheses is 
calculated from the experimental data, either 
adjusted or unadjusted. The value in paren- 
theses is the estimated value. Even though 
a value may be calculated from the experi- 
mental data, it is put in parentheses if some 
of the experimental data need so much adjust- 
ments as to nullify the original data. 

The above marks are not sufficient to in- 
dicate all the locations and adjustments of 
the experimental data. The locations of the 
experimental Q-values of the a-decays and 
some of the reactions are not seen in Table I. 
For the mass-spectroscopic measurements such 
doublet values that are connected only with 
Sp, Sn, or Qe are marked, but all others are 
not. For example, the existence of the mass 
difference measurement of Gd'**—Gd**4 is in- 
dicated by the mark on S,(Gd***), but no mark 
is attached to S,(Ba'*4) though the masses 
of ssBa'** and ;;Cs!%? themselves have been 
measured. It seems better to indicate the 
existence of the mass measurement and the 
adjustment of its value in the table of masses 
which may be published elsewhere. Of course, 
the data which have no corresponding marks 
are also used to get the “calculated” values 
in Table I. For some of these data which 
need large adjustments discussions are given 
in §4 in the same way as the data with 
marks. 

We do not go deep into the estimation of 
the uncertainties of the values in Table I be- 
Cause it is complicated too much. We simply 
divide the whole values into five classes ac- 
cording to their uncertainties. These classes 
are shown in Table II, in which the “un- 
certainty ” should be taken as the maximum 
of possible errors. The values in the first 
class have sufficient precisions for our systema- 
tics and for most other purposes. Since it is 
not our aim to discuss the accuracy of a few 
keV, the values are given only to two places 
of decimals in MeV units. If one wants more 
accuracy, one should consult References IES 7: 
etc. The estimated values and the values 
adjusted beyond the errors cannot be precise 
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Table I. The “best” values of the proton sepa- Table I. (Continued) 
ration energies (Sp), the neutron separation | | 


energies (S,), the @--decay Q-values (Qe) peand Muclevs ey | me | . 2 Ging 
the electron capture Q-values (Qe). The values Cu 20.83 8.18* | B- 0.16% 
are in MeV units. For notation see Table II. Cis 1.22% | p- 9.77 
Cis AN 25 a Be 8.02 
ee ee eo @ cn Clee an. 
n pe -% | a 0.78* C18 bay Coben) Wal Re ores 
m | = (~=0.5) eq) @- (~3.5) Nu Gime? Ay © (~14.7) 
as aa) he Be ~~ 13-5) Nv 0.8, al pel. S ce Wiens 
Aer | 7 1 h~ 2.5) | AF (~13.5) Nis 1.94 | 20.85 Je 2.22% 
Ht 2: =, @ = Nu | 7.55% 10.55 = 
H? 2.23% 2.23% | =e Ni | 10.21 10.83* ae 
H3 (~9.0) 6.26% Bo 0.02* Nie 11.49 2.50* | B- 10.41 
Ht Cally) ye Ko 220) || B= (~22.6) Ni 135i; Bo) ee 8.68 
Pr) 12 3) ot ho 0) 18> (~ 22.4) Nis (~14.9) (~2.5) | B= (~13 00 
Bete a14y i. te (42.8) Nis (ales (25.5) alee 12s) 
He’ DrAQES| (~~ 91) | — Or (~0.4) 6 (~14) 
Hes 19.81* 20.58 | ae O13 GUS Belay ie (18.0) 
He® (~20-9) =| », —0,96* = ou | 4.62 | (~23.4) |e 5.15* 
Het (~23.5) | 1 OZeue— 3.018 Ors 720 eet 29 Ble 2.76% 
He? glee eal A ~ 12.0) Qu 12.13 15.67 = 
Hed Cle) p= (<12)5) ow 13.77 4.14% | Zz 
BSE Glor 4 le (ie) ow 15.94" 8.058 = 
Ma (mB eel n (alls) je, (22.0) Ow eran Ee a ee ore 
Lis | 1.97% | (~21.6) | © 0.25 O20 (~19.4) 7.61 9| Be 3.80 
Lié 4.65% | 5.66 oe 21 (2.9) Be 5 29.0) 
Li? 9.98% 7.25% Be Qu (6.4) else Cee 
Lis (213%) | 2.03* | g- —- 16.00 Fis (p—2) cu (~ 14-8) 
Lit, py) (~14.0) al ce 2.6 | B-- ~15. st Fis =().75 el aC 48) ie 15.63 
Bet BM ~ Ses) ler aie. (~13.5) Fu 0.60% 17.01 |e 2.76* 
Be 2) (wA2in) gle (~22e5) Fis 5.60 9.14 |e 1.67% 
Beé ER EER ae 4.4, * Fis 7.99 10.44% = 
Be? 5.6lielo  10.8.-|¢ 0.86% F20 10.63 6.60* | B- 7.03 
Bes 17426, 18.90 a F2 desde 8.08 | g- 5.70 
Be? 16.88 | 167s = F22 (Calo) Gap MIP male 
Beto tee 6.81* p- 0.56* F2s (~13.6) (~6is alee. (a 95) 
Bett | 85s eg a) Leeode Nets (a0n) ee Uae 
Be!2 Weta S5) abe ~<a Loy) Nei? (~1.5) (216.0) le (Aleem 
ee ee ee lea Nets Etipes| ei9,6) ve A. 2p 
Be 0.13 | (~14.3) |e 17.98 News 6.41 Lips Pe 3.25% 
B9 = 019 18.58 | ¢ 1.07* Nez 12.84 | 16.87 ma 
Bio 6.59% | 8.44% s Nez 13.00 6.76% ze 
Bu ose. 11468 z Nez 15.29 10.37% = 
Be. | 14.0, 37* | p- «13.37 Ne#® | (~15.¢) 5.19 | g- 4.38 
Bis (~15.3) 48s Bo 13.43 Ne?# (~17.6) 8.85 Bo 2.4; * 
ce. | (~—0.6) e  (~14.1) Nees (~4.3) | B- (~7.2) 
Ce (~O.0) | (~14.9) | © (~17-8) Ne® | |. (~6.4) |B  (~6.9) 
Cio 4.0; (~22.6) |e 3.62 * Nata | C2027) ef Si(~ 11.3) 
Cu 8.69 | 13. lo<<ce 1.98% Na20 (~2.1) (~14.2) € ~14.0# 
C12 15.96 18.72 — Na?t 2.45 (~17.2) & Snoes 
C13 17.53 4.95% = Na22 6.74 LOS || 6 2.84% 
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Table I. (Continued) Table I. (Continued) 

Nucleus | Se ise | Qnaongs Nucleus Sp Sn Q- or Qe 
Na | 8.79 12.41 = Ses (~2.4) e tT 
Nat 10.56 — 6.96* | B- 5.52* =e (~3.0) (~15.4) |e (~13.9) 
Na 10.7; 9.0; | B- 3.89 * S30 4.55 (19,2) i cé 6.0 * 
Na | (~12.5) i 26.0, | Bo 8 eal S3t 6.1 12. 85-— | -8 5.4, * 
Na?? (~12.9) |) (N6.7) | B= (~B25) S32 8.86 |. 15.05 ae 
Mg20 (22.5) e (~10.9) S33 9.57 8.64* — 
Mg?! (281) (A147) Me (~13.4) S34 10.89 11.42 — 
Mgz 5.ls | “(~19.4) Le 5.0, S35 hie 6.98 | Bo 0.17* 
Mg?3 7. 13.4, “le 4.05* S36 (~12.9) 9.88 = 
Mg | 11.69 — 16.5; _ S37 CRED) £35 ato 4,8) * 
Megs 12.06 | 7.33* 2 Ss (tts 7:91 0) B= 3.09 * 
Mg?6 141; 11.10* = S39 (~4.2) | B-  (~6.8) 
Mg2? ~14.4, 6.44* | B- 2.62* S10 (~7.8) | BO (~4.9) 
Me | (~16.2) | 8.50 | Bo 1.84* Clst (~0.1) e (~12.0) 
Mg? | (~4.5) | @- (~6.7) Cl22 nAl.Bs (14a) We ene 2. 
Mg? | (7.8) 1 B= (~ 5.) C133 2.298415. 75 a hee 5.57 
Als (~@,2) 4 ae Cl 52, 11.5... 4: 5.4, * 
Ales UT 150) ONES or ie 40 Clas 6.37 12.5, — 

Ales 22M E LT. Oana t 4.26% C136 7.96 8.58* | Bo 0.71* 
Als 6.30 1123, Ae 4.01* é 1.14 
Al S27 13.07 a C137 8.40 10.32 = 

Ale | 9.56 7.72* | B- 4.64% Cl 10.15 6.11* | B- 4.92* 
AL 10.4.4 923, Nee 3.76% Cls9 10.25 8.07 B= 3.43* 
A130 aes Cabinet ae ase) Clio (~11.9) 205 BIER = hive 7 iss 
Alsi Cou lli S MO ac egw Be TS Clsi (a1 250) (~7.9) | Bo . (¥5.7) 
Siz4 (~3.4) e (~10.8) As (~2.5) eran Ty 
Sizs (~3.9) | (415.5) |e (412.4) A388 (~3.3) (W15l2y We ~11eD 
Siz6 5.56 (~18.7) |e 5.05 Ass CBT ol OCCITIDOP IC LO 
Siz? Tidy * 1312, es 4.8, * A3 5.8, (~12.69) | € 5.95* 
Sizs 1h.53"| 17243 = Ax 8.51 15.2, = 

Siza (2733) 8.48* = Ast 8.72 8.79* | € 0.82* 
Si30 13.5) 10.61* = A388 10.24 11.84 — 

Si3t (~14.2) | 6.59* | B- 1.48* A389 10.72 6.58 | p- 0.56* 
Si® (~15.6) ee ml by a 0.1)* A‘ 12.52 9.88 = 

Si38 (5.0) ee? (5.2) A‘ ~12.8 6.09* | Bo 2.49% 
Si* Bye 4.0) A® (~14.4) (~9.5;) | B= (~ 0.59) 
SI | | | (~2.5)° | B- (~9.8) As (~5:7) 8 (4,5) 
Si% (~C.l)™ pe (7a) A‘ (~8.9) 1 B-  (~2:50) 
Pe | (~0.7) e (~11.8) As (~5.6) |B (~6.2) 
ee Pes (A14.99 "8 Aa A‘ (815) ie (dey 
p29 2.74 ~17.6, | ¢€ 4. 96* Aw (3.7) | Goria) 
P30 5.58% 11.33°4\% 425% As (W529) Vi ee oe 
psi 7.29 12.32 ae K3s (~0.1) e° (~11.8) 
ps2 8.63 7.94* | g- 1.71* K36 (Al 7) (~14.3) |e (~12.8) 
bee 9.45 10.10 | p- 0.25% K37 1.8, (~15.5) |e 6.1,* 
pss (~11.0) 6.5, | 4- 5.1o* K3s 5.13 12:0, 5.93 
pss (~11.5) (~8.3) | B- (~3.8) K39 6.37 13.08 = 

Piss | (~12.9)) -) (~S.9) p= Gag) K40 7.58 7.80* | B- 1.32* 
ps7 (~13.3) | (~6.5) | B- (~7.2) e 1.51* 
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| Table I. (Continued) Table I. (Continued) 
Nucleus, Sp Sn Q- or Q: Nucleus. Sp So | 8 Qsv0r 0: 
Kil 7.80 10.10 = Tis? 10.47 8.89 ~ 
Ke 9.22 7.52* | go 3.53* Tis 11.44 11.62* — 
Ks8 (~9.3;) 9.64 | Bo 1.82* Tis 11.35 8.15* = 
K+ (~10.6) 6.8; 1 6 6.03 * Tiso 12.25 10.94 = 
Kes (~11.0;) Ce92ey R= (2452,) Tist rl2t2s 6.36 | B- 2.46* 
K46 Gs12.2) (abso ee (Ta Tis (~13.8) (8.2 ule oe (Ieee 
Ke (~12.7) (~8.8) 9) B- (~6.,) Tes (~13.5) (~4,5s) | B7 (~5.75) 
Ks (~13.9) (5:0 Vee (~11.5) Tiss (ad) (ATO) Ra (24,8) 
Ks (~14:4) (64m he (~10.s) Tiss (Bae Bae (Sy 
Cass (~2.6) e (~10.9) Tiss (bie ea Te 
Cas? (~3.0) (S147) 6 (11D) Vis (ACE e. (27.2) 
Cass (~4.6) (17.0) |e (+6.7) Vvi6 Bes (~13.4) |e 7.03 * 
Cas? 5.69 (~13.2) |e 6.6, * vit 5.19 130i e 2.91* 
Caso 8.34 15.73 — vs 6.82 10.52 |e 4.02* 
Catt 8.90 8.36* |e 0.41 v9 6.75 11.55 |e 0.61* 
Catz 10.28 11.47 a V0 7.94 9.34 | Bo 1.04 
Cass 10.68 7.93* oe é 2.21 
Cas 1 AZ 11.14* =e Vi 8.04 11.04 ae 
Cass $257, 7.42* | g- 0.25% vee 8.99 7.30* | B- 3.99 
Cass (~13.8;) 10.40 =a vss (29.5. (~B.8: Ro. CHSily) 
Cas? (ould 5) 7 208s 1.97* Vie (~10.6) C25 a) BN Bg (27) 
Cass (~15.4) 10.094 B= 0.2 * Vis (~11.0) (oi A) A Baa (BCS) 
Cas (~15.6) 5.le | 8- 5B. 1o* vss (~12.1) (~4.8) | B-  (~9.4) 
Case (~16.7) (Foalte-. (4,2) Vir (~12..5) (6:2) 21 erence o an 
Cast (<=350n Bo, (2B. Cr#6 (~4.8) eo C2 78) 
Ca’? (~5.7) | BO (~7.0) Cr? (~4.6) (513.2) sek we 7a) 
Sc39 (~—1,0) @ _(~13.4) Cr#8 Gdn) (16) oe (1.40) 
Sco ~1.0 (~15.2) |e  ~13.9* Cr#9 8.21 (10.39) | e 2.56* 
Sct 0.9,*| ~15.6 |e 6.6, Crs0 9.59 12.93 — 
Sc#2 ~4.8 12.28 ice ~5.9* Crit 9.50 9.25 |e 0.75* 
Sc 4,93 ~11.6. |e 2.22* Crs2 10.52 12.05 = 
Sct 6.71 OL Te 3.65* Crs3 11.15 7.94 = 
Ses 6.89 1 ai Cri (21204) 9.72 = 
Scss 8.24 8.77* | B- 2.37* Cris (S124) 6.0, | BO 2.83 * 
€ 1.38 Cris (~13.5) 84g aps 1.6,* 
Ses? 8.49 10.65 | B- 0.61* Crs? (ake) (ADs (a) 
Sc#8 9.41 B23 Mikes 3.99* Cri8 Oley CHE ie Ces 
Sc# 9.45 10,0; 1" p= 2.0,* Cri9 (2d. Deane Tat) 
Sc50 (1026) 6B) a bo ae Ose Cré0 (~6.6) | B- (~6.4) 
Sct (210.7) (7-8) ep (5,8) Mn‘? (~1.9) ee 8 (a7) 
Sc52 (129) (~4.4) B-  (*9.7) Mn‘? 4.57 (~13.1) é Ta03* 
Sc33 (129) (~5.9) B- (~8.4) Mn?! 5.29 13.65 € 3.13* 
Tito (2,9) 6 =(~12.5) Mn°2 6.56 10.53 |e 4.70* 
Titt (~1.5) (14. 8ye) (~13.3) Mn*3 6.56 12.05 |e 0.60* 
Tse (a) (21728), ole 7.7) Mns4 7.56 8.94 | Bo 0.69 
Ties al 43-9) (12.3) “Ve ~7.0) S 1.38% 
Tit | (Beaton, (16.5) Aue (0.16) Mnis 8.06 10.22 ss 
Tits 8.48 (9.42) | € 2.06* Mnsé 9.3; Tania pe Bile 
Tie a 10.35 13.19 = Mn*? ~9.75 78.95 iB ~ 2.45 
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Nucleus Sp Sn Oz or Q: Nucleus | Sp Sn | — or Qe 
Mn (~10.77) (~6.25) | B= (~6.25) Ni | (7.6) ALB ee 
Mn‘ (~11.1¢) (~7.69) | Bo (~5.15) Cui? (~0.7) | le (~8.8) 
Mn® (12.2) (~5.3) | B- > (~8.6) Cusé 2301 (1215), ace 8.47% 
Mné (219.6) (~6.9) 4 Br. (~7:3) Cus 3.42* 67 ane 4.80 
Fes (~4.0) a, (483) Cus 4.46 | 10.05 | « 6.15% 
Fe’! (~4.8) (13,0 ies oa Ccrsel) Cust ASU) o oer Vine 2.23% 
Fes? Zs86 (~16.2) |e 2.38* Cusz 5.85 * 8.85 |e 3.93% 
Fess (OD 10.44 | € 3.99 * Cuss 6.13 10.84 — 
Fes4 8.85 13.65 a4 Cus 7.20 7.92% Bo 0.57* 
Fess 9.21 9.30* | e 0.23* e 1.68* 
Fess 10.20 eR a Cuss 7.45% 9.91 _ 
Fes? 10.57 7.64% = Cuse 8.37 _| 7.06% B- 2.63% 
Fess melds 10.05* | _ Cus? 8.5. | 9.10 | Ao 0.57* 
Fe’? (~12.06) 6.59%) 2 1.56* Cus8 (~9.5) (~6.3) dl Behe) 
Fe (~ 13.13) (8.76) | Bo (0.30) Cues (9.7a\el @ (8:2) ae Gee 
Fest (~13.4) (~5.55) | B- ~~ 4. At Cuz (~10.7) | (~5.5)  B-  (~6.5) 
Fes (~14.5) (~7.96) | Bo (~2.8) Cut! (~11.0) | (~7.9)  B-  (~4.3) 
Fess (~4.76) | B-  (~6.40) Zn (~2.2) le  (~9.5) 
Fess (~7.46) | B-  (~4.8) Zn°9 (2.0) (~13.0) Je, | (9-2) 
Co? (~1.5) e (8.2) Zn (~5.03).| (~15.0) |e. (~4.29) 
Co% 4.55 (~13.5) |e 8.25* Zn61 ~5.As | (~10.4,) | € gar 
Co's 5.06 Tale le 3.46% Zne2 6.4, ~A2Te | ae see 
Coss 5.85 10.0) |e 4.58* Zn63 6.69 9. 5 € 3. 37% 
Cos? 6.02 11.39 | ¢ 0.84* Zné rival 11.85 | aie. 
Cost 6.95 8.57 |e- 0.38 Znss 7.78 7.99 | ¢ 1.35* 
€ 2.31* Zn 66 8.91 11.04 = 
Co59 Teel 10.46 = Zno7 8.89 7.05 a 
Cos? 8.28 7.50% | B- 2.82* Zn°8 9.99 — 10.20* =e 
Cost (8.87) ais | f= 1.29* Zn 69 (~10.1) | os | B- 0.90* 
Co® ~9.9s 6.66 | B- 5.22% Zn70 Coble 2a 5: va 
Coss (210533) Siew be ~aeTet Zn1 (ita naar p- 2.90 * 
Coss (~11.5) (5.9) 4) B= (27-5) Zn (~12.5) Bem We - 
Coss (~11.8; ) (27,8), Be" oC 52ea) Zni3 bape | a se 
Nid¢4 (~4.3) € (~8.4) Zn oe = yheae 
Nids (4D (~13.9) ps (48.6) Pe | Naik | a (~2.19) 
Nis6 (a7 de Nala(wdGrO ey o(22o1,) Zn76 | a a ae 
Nis? 786d a 10, hee 3.24% on (~2.6—)_| rh ay 
Nid8 8.17 12.19 _ Gass ae | (~10.43) | : os ba 
Nis9 8.60 9.00* | ¢ 1.08% ath We | ba! | & UES 
Nieo 9.53 11.39 af Gass a; oy cet Pelice 
Nist 9.86 7.82% as Gas? ae bs Ot eee 
Nive Vial, 10.59 me Gass ee) oe i ioe 
Ne ie ae eee. at mat oc 8.28 | ¢ 2.92* 
Nié4 ~12.5s 9.66 = Gazo a ae iy 
Nis | (~12.8) Glee poe isi 7318") eae 
Sete (~13.9g ) 8.96 = 0.20* Gai! Toei 9.2, * 8 On eaF 
{67 (~5.39) | B= (~4.0o Gazz a . | - 
Nie (~7.87) | Bo he cue ae ek | gy cae 
Ni (~4.6) | 8- (~6.0) Gat ( ae a abe ans Leet 
~9.72) |  ~6.19 | B- 5.69 * 
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Table I. (Continued) Table I. (Continued) 
Nucleus Sy iS Q- or Q: Nucleus Sp So | Q-or Q@ 
Ga%s (~10.13) ~8.8, | B- 3.3)* Ses0 13% 9.93 = 
Gaié (~11.0) Ber B= S271 Ses si 27 6.6) | p- 1.55 * 
Ga” (~11.15 (TO) -B= (51S) Ses? ~12.3, 9.3,* = 
Ce (~4.70) é (~5.09) Ses (~12.6) ~5.9 | B-  — 3.49* 
Geés (~4.6, (~10.4)) | e (~6.4)) Ses4 (~13.44) (~8.57) | B- (~1.65) 
Ge6é6 (~5.9; (~13.13) | e ~2.At Sess (S4i4p = (6 
Ges? 6.04 (~9.22) |e 4.4o%* Sess (~6.1) | B- (45.5) 
Geés (~7.39 (~12.4,) | € (~0.20) Br73 (~3.1¢) 6 (~4.45) 
Ges Toe (SBc2py Ae 2.23% Bri (SAD (A918) We! (ATe) 
Ger 8.60 11.6, — Br? 4.25 (122) Vie 3.0,* 
Get 8.2, Hose € 0.23* Br 5.56 OSS 4. 8ot 
Ge” (~9.8:) | (~10.83) | = Br? 5.27 10.8 |e 1.36* 
Ge (~10.0;) ~6.854 = Br78 6.13 Sr28° p= § Oe 
Get | 10.9. 10:18 es e 3.57% 
Gee | a7 SOS le igh tiee | age Br’ eob El —Ltoles _ 
Gevs BUA ~9.55 = Bro 7.26 7.88% | B- 2.00* 
Ge? + (~12.2) ~5.8 | B- 2.75* é 1.89% 
Ge | (~13.13) (~8.81) | B- (~0.9) Brst 7.46 10.13 = 
Ges (<57%e) "B= 74/0,) Bré2 8.8% Taye B= 3.09* 
Geo | (Sess) b= AS 5 0.2) 
Ges | | Se eg- ieee Br’ 8.5, 9.5. |@- 1.00% 
Gee | (7 23) Moe \(d AD Brit ome 6.8) Ule- 4.65% 
As®® | (~3.4,) é ~A.Oot Br (~9.9s) ~9.0g | B- ~2.8)* 
As‘ Le, WO 0g" ' e 6.55 * Bré (~10.8) (~5.4) | p> (6773) 
As? 4.5, Tiere 2.01* Bré? (~10.9) (~6.2) | B- ~6.6y¢ 
As? (~5.6s) (~8.4,) |e 4.36* Kr# Cunt) e (ood) 
As?3 CoS Tel ts 10k) te 0.37* Kr? (~6.3) (S915, ihe "Shes 
As 6.8, mT 97°" p- 1.36* Kré CATA RI SIB Me) he Ia 
€ 2.00% Kr77 ~7.07 (~9.16) | € 3.0of 
Ast 6.9, 10. 2st s Kr78 Sip 120; = 
Asi Th 7.3)* | Bo 2.97* Kr79 8.2, 8. 24h Mee 1.62%: 
e Piles Kre0 9.10 11.50 * 
As anes 9°71"! B= 0.68% Krét (9.15) (7.95) | € (01255 
As? 8.95 wO.Oe R= Satoke Kr 9.9, (~10-85) = 
As? (~8.92) ~§.85° | b> 2.3) * Kre3 OTe ree a 
As80 (~9.64) ~6.43 | Bo ~5.8of Kré4 10.7, 10.5 * os ‘ 
Asé (~10.07) (~8.6,) | B- 3.8) * Krés 1170: Tie a= 0.67% 
As® | (~10.9) ~5.7) | B- (~7.4) Kr ~11.% 9.8, -- 
As83 (~11.34) ~7.7) B- (~5.65) Kr? (~12.0) Ds Dy7|| [el ~3.8o1 
Se70 (6) - (228) Kris (312-8) ~7.0, “| p= 3. Oot 
Sez Aoneby ~9.39) | € ~A4.7ot Kr89 (~4.81) | Bo  (~5.45): 
Sev (~7.39) | (~12.87) | € (~0.3o) Kr (~6.4s) | B- (+ 4.41) 
Se73 C780) ~8.3)) 2.75* Rb? Rae ae Coes) 
Sev ~8.5s ~12.08 a Rb’ (~3.7) (~10.0) |e (~7.5) 
Ses 8.6, 8.02 |e 0.87* Rb? C358, |) (Casa Mrs (~3.6) 
Ser6 9.4, 1) = Rb®° 25 eh (20. Se yite ~5. 60! 
Ser? 9.61 7.42* aL Rb*t Glory) C11 225) ‘re ae 
Se’s 10.38 10.48* = Rb® (~5.93) (2802) "6 4.17" 
Se = 10535 26.0509 B= 0.16* Rb83 (©.9) | (~10-%) |e© 0.75) 
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Rbé 


Rb 
Rbs86 


Rbs? 
Rb88 
Rbs? 
Rb20 
Rb® 
Srz8 

Sr79 

Sr80 

Sr81 

Sr82 | 
Sr83 | 
‘Sr84 
Sr85 
Sr86 
Sr8?7 | 
Sr88 | 
Sr89 
Sr90 
Srot 
Sr? 
Sr93 
Sro4 
Sr 


Sr% 


Zr8? | 


Nucleus | 


Table I. (Continued) 


Sp 


7.07 
8.54 


Bos 
Ores 
(~9.43) 
(10s 1p 
(10:88) 
(~5.94) 
(en 
(~6.92) 
(~6.6;) 
(~7.77) 
(~7.72) 

(8.72) 
8.6; 
9.6; 
9.4, 

10.63 

10.73 

Getiess) 
11.55 
(av 12 8) 
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Table I. (Continued) 
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7.07 


Si Q- or .Qz Nucleus Sy» Sy Q- or Qe 
(8.69) | B- 0.91% Zr89 7.8, (~9.29) | ¢ 2.84* 
é 2.65% Zr 8.31 11.94 = 
10.5ot = Zr 8.6; 7.2,* = 
8.6, | eh ° 1.78% Zr 9.4» 8.66% | = 
AD cei? Zr% 9.5, 6.6)* B~ 0.06* 
9.9,* | B- 0.27* Zr BBs Vc nS eo = 
6.2,* | Bo 5. 17* Zr 10.6, 6.42.* B- 1.12* 
(~7.2:) |B-  -~4.30H Zr% (~11.30) (~7.83) B- (~0.29) 
(~5.4) | B- 6.50" Zr. | (2A |. (~bepae- | fee 
(~6.7,) P= (+565) Zr%8 (~Welaiy . (—Se2oe eo Merde 
e 1(~3.3) Zr y (~4.89) | B- (~4.359) 
(<10pale (5.8) Zr100 (6 0ngl bo eee 
(21 yale  1C1yBp) Nb’? (~3.62) @, f~ Sade 
(~9.1g) |e  (~3.9) Nbs (ED A Co IOs ips ete 
(~12.45) |e  (~0.40) Nbs® <A Sohal Cr levovealee 4. Oot 
(HeOnae iQ) Nb® 0, 9.8) de 6.11* 
(1G: = Nb! (5.25) de leans (1.29) 
8.4 | € 1.11* Nb® 5.77 7.75 | B- es 
11.5, 2 Pm 
8.4, * = Nb» 5.94 8.85% = 
11.14% = Nb% 6.48 7.20% | B- 2.07* 
6.34 | B- 1.46% o) Pie 
18 ARO 0.54% Nb® 6.76 ~8.5, | Bo 0.93% 
5.7, | Bo 2.67% Nb» 7.35 6.9 | B- 3.13% 
1.35 aR: 1.92* Nb® (~7.54) ~8 13; 4) B= 1.93* 
(~5.5.) | B-  (~3.80) Nb»8 ~8.0; mdelyy | O= 4.8 t 
(2059 b> TCS 8a) Nb» (8 Saver (~All bo eae 
(~4.77) | Bo (~5.45) Nb100 (~8.9) (~5:4), a B= 6.2) 
(~6.43) | B-  (~4.5) Nb101 (O.1,) |- (UT | B= ieee 
s (n458) Mos (~5.6,) | ad Oe 
(SO) ie (HED Mos? (6:0) 4 Cae ian 
(W122) le. X28.02) Mo Ol aie VC ieee 2.54% 
(~9.15) | € 5.33 * Mo*! (6.9%) | (~10.22) | ¢ 4.44% 
~11.83 | ¢ ~1.9ei Mo22 ae 12.6) * | on 
oad 3.6." Mo ae Oe 0. 4g* 
11.4,* — Mo 8.45 O%e yi = 
6.85* | B- 2.24% Mo’ 28 65 iets = 
7.98 ihe= 1.54* Mos 9.31 9.16* zs 
6.6) | Bo 3.69 * Mo? ~9.27 ~6.92* = 
TAS Web 2.89 * Moss wl0ols ~8.974 a 
mele p> | "SOs Mow. | (-el0ulp ol, (6:1psbe- | deere 
(“7.22 A> Ure) Mo! | (~10.83) ~8.3ot = 
(~5.5) | B- (~6.6) Mo | (~11.0) (~5.54) | p> 2.8,* 
(~6.6) | B- (~5.61) Mot? | (~11.65) | (~7.81) | B-  (~1.29) 
& (~29) Mots (~5.19) | B= (~3.95) 
(~9.86) |@  (~4.8:) Mots (~T.40) ol B= (9 2a2e) 
(~12.85) }€ (~1.14) To (~3.1,) e (Ean 
(~9.59) | € 3.5ef Tos (~3.8) (~10.9) |e  (~8.0) 
(~12.25) |€ = (~0.79) Toe 4.02 (~12.8) |e Sek 
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Table I. (Continued) Table I. (Continued) 
Nucleus S» Sn Q- or Q Nucleus Sr a tO once 
Tos 4.65 BiG; vie 4.30* Rhios aes) ~6.0; |P- ~A.Sof 
Tc ~4.9, ~10.0, |e 1.66* Rhios (~8.53) (Bla lale= 1Caesoe) 
Tc% ~5.65 ~8.1g | 8- (~0.3,) Rhio (~9.1,) (~5.72) | B- (~5.69) 
€ Bey Si Rhttt (~9.34) (Taya B= 4) Cuas0a) 
To? (~5.9s) (~9.4s) |©  (0.1g) Paes (~5.34) lea | Bed) 
Tc (~6.69) (~7.63) | Bo 1.79* Pav (~5.5) (~9.72) | & (~4.7) 
E> tba) Pass (~6.19),| (~11.6,).1@  (~2239) 
To (~6.70) ~8.93) | B- 0.29* Pass (~6.0s) (~9.17) | € BO 
Tci00 (~7.19) ~6.69) | B- 3.3, * Pdivo (~7.05) | (11,05) 1 ¢ (0.25 ) 
ey i ~0.3.) Pdio (~7.3) (~8.49) | ¢ 1.8, 
Tcio1 (~7.5s) ~8.6, | B- 1.63 * Pdioz Cla alt 1025) ze 
Tci0 (8.22) (Bye ~a4t Pdios Fos (EE 0.56 * 
Tc108 (~8.3¢) (~7.9,) | B-  (~2.75) Pdios 8.4; 9.75, | — 
Tc (~8.91) (~Sigiaee iC~5.65) Pdios 8.65 7.09 * | = 
Tct0s (9.16) (TSHR KnS.8n) Pdios (9.18) (9.4p) | = 
Ru? (~5.72) e toed Paio7 9.25 6:59 |.R= 0.04* 
Ru (~6.0) ‘Cathe yy eee rei Pdios O77, 9.05 | = 
Ru% GELOe T~IS- Ye 13 Pdio9 ~9.93 6.2, |e 1.11* 
Ru (~6.91) (eee, le (x2.30) Pdit0 (~10.5,) (8.74) | = 
Ru% Greer (10275) = Pdi (~ 10.6) (5.78) | B- rN 
Ru? (~7.8,) [Sande (A085 Pditz (~11.2,) 8.35 | B- 0.30* 
Russ (Saale (107i) = Padus (~5.32) | B-  (~3.50) 
Ru’? (~8.4,) (~7.57) Pdtts (~8.05) | B-  (~1.59) 
Ruto (9.19) (9.65) = Pdiis (~4.95 | B- (~4.60) 
Rutt ~9.54 6.95t a Pdiis (~7.55) | B= (~2.79) 
Rulez (9.84) (8.99) — Agiot (~3.35) ,e (4.24) 
Ruts 2020) 6.29% | g- 0. 75# Agioz (~4.0)) | (+9.03) © — (~5.51) 
Rules (~10.6;) (8.64) Agios ~4.17 (~10.4¢) | € ~2.7ot 
Rutos (~10.75:) (5.85) | B- 1.9)* Agtos 4.7, ~8.25 | e 4.27* 
Ruts (~11.37) (8.29) | B- 0.04* yavgipe (5.02 ) (10.07) | é (1.2) 
Rut0o7 (5.57) | Bo (3.00) TaNeege (5.65) | (7.63 ) | B- (0.30) 
Rutos (iUeiyal h- iC~Hdele) le 2.97% 
Rutos (~5.11) |B (~4.20) Agi 5.75 9.5ot a 
Rutto (“WeSelal bo (ee dg) Agios | 6.45 7,20* | p- 1.6;¢ 
Rh®%* (~2.96) e (~5.15) e 1.8) * 
Rhos (~3.6) (~9.6) |e (~6.3) Agio9 6.54 9.1,* | = 
Rho7 (~3.8,) (~11.0) |e (~3.70) Agito 7.14 eee) fos 2.87* 
Rho (~4.70) | (~9.27) |e ~4.6oF | Fe Os) 
Rh’ (~4.69) | (~10.0;) | € 2.10* Agi (7.24) | (8.8,) | B- 1.05* 
Rh1w00 (5.26) | (~8.14) | € 3.64* Agi 7.8; a a 
Rhio1 (5.51) (9.93) | € (0.65 ) Agits 8.04 teyalapyn ll leis 2.00* 
Rhioz (5.93) (73a )al eo 1.11* Agil4 (~8.75) | -~6.0; | B- —-~5.0of 
5 2.23% Agits (8.77) ~8.0s; |B" ~3.1™ 
Rhi103 6.26 9.32* = Agite (~9.47) (5565), | 8- ~(-~=6,2p ) 
Rhto4 6.76 6.79* | Bo 2.44% Agi? (~9.55) (~7.6r) | B-  (~4.30) 
e (Lig) Cdi02 (~5.5o) | é (~2.77) 
Rhios (7.00) 818s p- 0.56* Cd108 (~5.72) (~9,27) | & (~38.96) 
Rht0s (7.55) (6.45) | B- 3.53 CR erties” eli ge Medel) 
Rhwo7 7.7¢ 8.5, |A- —-1.5* Cais Greg eee eels 
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Table I. (Continued) Table I. (Continued) 
Nucleus | Sp Sn | @- or’ Qe Nucleus" Sp Sn Q- or Q 
Cas | (7.15) | (~10.67) ~ Snz (7.59) | (~10.80) 
Caio Wee (7.7¢) |e 1.44* Sniis ~7 62 ~7.714 € ~1.0of 
Cd108 | 8.09 10.3, = Snit4 8.55 ~10.3o ad 
Cd109 Sep Moss Sa 0. 16* Snit5 | 8.74 Thay = 
Cdu0 | 8.90 9.84 = Sni16 9.3; 9. 5ot _ 
Cds (9.11) (7.05) - Snii7 9.54 7 .Oof er 
Cd112 9.6, 9.49 — Suu 10.05 9 .Aof = 
Ca113 O7, 6.4gt | B- 0.31* Snit9 ~10. 16 6.54 * = 
Cdus 10.2¢ 9.05* = Sni20 10.8, 9. 1o¢ = 
Cais 205 6.1, | B- 1.45* Snitt_ | (~10.9) 6.29* | B- 0.38% 
Cds | (11.07) (8.75) — Snitz | (~11.53) 8.76% = 
Cd? (~ 11.19) (BRYN Bo i<2.o8) Snt28 | (~ 11.64) 5.9.# | Bo 1.42* 
Cats (Aileen) (Saree es Te Sn | (~12.25) 8.4,t | = 
Cdt19 (254. B-! W376 Sni2s | (~12.3,) 5. Fet |B 2.34* 
Cdiz0 Coste a> Wee Sni26 | (212709) (ABS IB KOA) 
Cd121 | (~5.25) | Bo (~4.65) Sni27 (~5.48) | Bo (~3.22) 
Cdizz | (mireia) P=  iCaz2.0, Sni28 (~7.8)) (R-  (~ 1 
Cai23 (~5.02) | Bo (~5.65 Sni29 (~5.30y 1-4 
Cai24 (HUY R= W380) Snis0 (~7.47) |B (~2.49) 
Ins | (~2.85) oe eae) Spit (Epaids @ = (5.02) 
Ins | (43.54) (~9.15) |e  (~6.35) Spbt12 (2185) (~8i6e) We) (SD 
Int07 (23.65) | “(210-8;)) Ie ~ oo oe Sp113 (~2 sy" “C10 Sey "6? LIOR 
a ~8.5) |e 5.1,* Sb114 (~3.59) (~8.33) |e (~5.9s) 
Into | 4.5; 10.49 |e 2.02* Spus | oi; (~10.44) | © 3.03* 
Int10 5. 1p Troe wile 3.95* Spies | eee wale fits 4.5,* 
Inti (5.32) (10.05) | ¢ (0.92) Sbu7 ~A4, ~9.6) |e 1.8) * 
Int2 | 6.0, (7.71) | B- 0.66% Spus AO; mT by te 3.7* 
| e 2.61* Spi 5:15 ~9.6, |e 0.58% 
Int13 6.04 9.45 = Spb120 5.65 GOe" NE (1.09) 
Ini 6.8, 733;° 7) 9 1.98* | € 2.72* 
€ 1.4, * Sb121 5.8 9.30% — 

Intt5 8, 9.0.* | B- 0.50* Sb122 6.39 6.79% | Bo 1.97* 
eae 7.47 6.8 of | Bo Oecat € 1.59% 
| e (0.5p ) Sb123 6.56 8.95t — 

Int? | (7.54) 8.8, | B- 1.47% Sbi24 6.9 ie a a 2.92* 
In118 (~8.24 ~6.4, Bo ~4.Aot e 0.68 
Tnt® (~8.3¢) ~8.4, | Bo 2.5 Sb125 Ton STs |= 0.76* 
In120 C2920; (~61lp) | B- (~5.5y) Sp126 CuUTSTF) (“6:2;) | B- (~8!6y) 
Int21 (~9.12) (~8515) | B- ((~3%6s) Sb? | (~7.9) (AB) Pp 1.671 
Inte C2075 (~5.85) | B-  (~6.50) Sb | (~8.48) (~6.04) | Bo (~ 4.30) 
In | (~9.8¢ (~7:8,) | B- (4755) Sb129 (~8.62) (~7.95) | B-  (~2.50) 
Ini24 (~10.4; (~5.6:) | Bo (~7.42) Sb1s0 (~9.05) (~5277)) B- (5125) 
In!25 (~ 10.54 (~7.52) | B- (~5.60) Sp131 (~9.2s) (~7.66) | Bo (~3.47) 
Sn106 (~4.99 € (~3.3;) Tell2 (~3.85) é (~40;) 
Snito7 (~5.13) (~9.25) |e  (~4.99) Teus (~4.01) (~8.8;) |e  (~6.29) 
Snis (~5.86) | (~11.54) |e — (~ 1.85) Tet (~4.7) | (411.63) | ©  (~2.90) 
Peds) Soe ilsGeee al 2 hee Tes | (~4.85) | (~8.5,) |e (04.89) 
Sno | (46.72) | (~11.3)) Je (~0.4) Tells (~5:51)") “CSTLi0s) Ve | CATES 
Snitt (~6.76) (~7.94) | € 2.52% ren" ~5.4, (~8.0,) | e Bros 
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- Table I. (Continued) Table I. (Continued) 

Nucleus | Sp Sn Q- or Qe Nucleus iS ‘Sn Q- or Qe 
Tels (~6.34) (~10.62) | € (~0.40) Xet27 (7.65) (ley. Be (0.7) 
pe | ~6.59 (~7. 72). he 2.2of Xei28 8.1; (9.60) — 
Tel20 | (7.18) (~10.2;) = Xel29 8.8 6.9 as 
Tet (7.52) (7.39) | € (1.09) Xels0 8.65 9.2; = 
Telzz 7.98 (9.76) — Xei31 8.85 611 = 
Ese (8.05) (6.85) | € (OMIg9 Xes2 ort, 8.95% = 
he 8.49 (9.37) — Xess 9.3, 6. 53a. p= 0.43* 
Tews 8.79 6.56 * = Xets 9.6, 8.63 = 
Tels oo 9.05 * = Xelss a9 G38. pr 1.16* 
we | (49.1,)..| 6.3, |B. 0.69% oe ~10.05 8.0, x 
Te128 (~9.56) (8.67) = Xei37 (~10.2¢) (4.04) | po (4.25): 
Tet (~9.67) (6.15) | @- 1.48* Xetss | (~10.77) (5.80) | pr (2198) 
Tel30 | (~10.19) | (8.47) = Xe139 (~3.8,) bps (~580s) 
Tetst | (~10.35) (5.93) | @- 2.28 Xeuo (~5.63) | B-  (~3.76) 
Tets2 | (~10.8)) | 8.1.65 0.50* C128 (~3.04) e (~4.18)) 
Lert (~5.8) | B-  (~3.04) Csi24 (~3.54) | (~8.50) ]e = (~6- 1s) 
Tets4 | (~7.50) | B-  (~1.7e) Cs125 (3.7) | (~10.66) | & 3.0;* 
Tess |} (~8.43) | B-  (~6.0s) Cs126 (~4.24) (~8.09) | ¢ ~5.Ogt 
Tess | (~5.1s) | Bo (~4.80) Csi27 (4.3,) | (~10.16) | e 2.09% 
Tue | (3.48) | OE ee Cs | (~4.8:) | (~7-60) |e Pee: 
[120 | (~4.07) (~8.35) | € (~5.40) Cg129 (4.99) (~9.77) | (iets) 
pu2t (4.1,)--} (~10.3,) |e 2.35 * Csis0 5.5 (745), p= .4,* 
[22 | (4.84) (7.98) | € 4.14* é 2.99 * 
[23 | (4.91) (9.83) | e emery Cs131 5.54 9.3, |e 0.36* 
ye | G.3,) Z3eNe- . 0) Cots? 6.03 7.25 |p- (1.2) 

€ 3.22* € 2.05 
[25 | 5.63 | 9.6; |e 0:1,* Cs183 Gy ie 9.02* = 
[126 6.Tp\ st TO Mt Bo 11258 Cs184 6.55 6.9of | p- 2.05* 
| € 2.13* € 1935 
[127 6.25 9.14% = C135 SALE 8.8, | g- 0.21* 
[12s 6.690 | G.lgial IPB 2.12* Cg186 (7.27) (6.89) | p- (2.50) 
| e (15289 e (0.02) 
[129 (6.85) | 8.8; | B- 0.19% Cs187 7.45 (8.28) | p- 1.18% 
[130 Tate 6.5, | Bo 2.95% Cgi38 (7.92) (4.48) | po 5. Qot 
é (0.48) Cs139 (~8.03) (~5.91) | B- ~~ A. lof 
[ist (7.43) 8.6, | p- 0.97* Cs140 (~8.61) (~4.39) | B-  (~6.2)) 
[182 7.85 6.35. 1.87 S257 Cs!41 (~8.70) (~5.72) | B- (~5.0o) 
[133 8.05 $30 eA 1.7%,* Bat (~5. 12) e  (~2.6o) 
[134 (38.59) ~6. 208.04 4.1;* Batts | (~5.25) (~8.63) |e  — (~4.63)) 
[135 (~8.7s) a oN 2.8ot Ba!26 (~5.8:) | (~11-22) |e  (~1.50) 
[136 (~9.17) ~3.8, | Bo 7.0o* Bal27 (~5.87) (~8.15) |e (~3.51) 
[137 (~9.31) (~5.29) | B-  (~5:7s) Bal28 (~6.4,) | (~10.7) |e  (~0.50) 
Xel20 (~5.3s) e  (~2.29) Bat29 (~6.54) (~7.82) | ¢ 2.4,* 
Xel2i (~5.5;) (~8.49) |e  (~4.05) Ba!30 (7.07) | (~10.30) - 
Xel22 (~6.17) | (411.00) |e — (~1.08) Ba!31 | (7.14) (7.48) | € (1.42) 
Xel2s (6.19) (~8.0.) | € 2.8 * Bals2 (7.66) (9.86) — 
Kel (6.86) (10.50 ) = Ba!ss (BLE (7.32) | € 0.49* 
Kes (7.09) (7.55) | € (1.76) Bats 8.17 9.4, fe 
Xei26 7.54 (10.0s) — Bats 8.2; 7.Oot = 
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Table I. (Continued) Table I. (Continued) 
Nucleus Sp Sn Q- or Q: Nucleus So Sw | Q- or Q: 
Bal36 8.6; 9.1gt — Pris (~3.44) | € (~3.73) 
Bais? (8.67) 6.95 * — Pret (~3.97) (~8.43) |e  (~5.33) 
Bais 8.95 8.6) * = Pris? (~4.0,). 1 C+ 10.25) fhe Dist 
Bai39 (9.25) 4.7,* | Bo 2.38% Pris6 (~4.57) | (~8.1o) |e  (~4.45) 
Bawo ~9t8i 6.4, |p-  —-1.05* Pris 4.71) (~9.9e) [re 2.0 * 
Bats (~9.9) (4.52) 1287 (3.3,) Pri40 5.1; 7.85. \ve 3.34F 
Bats? (~10.50) (6.25 2- (~25ts) Pris iy? 9.3, * — 
Batis (~4,0;).)°B-  (~4i4g) Prise 5.66 5.86t | Bo 2.15% 
Bat4# (~6.1g) | B- (~2.79) é 0.7 
Lai29 (~3.05) € (~3.99) Pri43 5.84 25) alePr 0.93% 
Lat30 (~3.55) (~8.32) |e (~5.97) Pri44 6.46 ~ 79 p- 2.99% 
Last (3.74) (~10.49) | € 2.96% Pri4s 6.45 | 6.958 pa 1.80* 
Lat2 (~4.2s) (~8.02) |e 4.8) * Pri46 (~7.01) ~ De lou ah pee 4.2* 
La33 (4.35) (~9.91) | e (292:) Pri47 (~7.14) (~6.92) | Bo ~2.54) 
Lat34 ~4.9%6 (~7.95) | € ~3.7)* Priss (~7.6s) (~5.01) | B- (~4.89) 
Lats (4.9) —(~9-45)t Le (as Priss (~7.87) | (~6.85) | B-  (~3.14) 
Latse eB Ge (~7.63) | B- ~0.25 Pri50 (~8.4;) (~4.99) | B-  (~5.49) 
€ ~2.89* Pris) (~8.6s5) (~6.78) | B~  (~3.80) 
Lats? (5.64) | (~9.22) | « (0.53) Nd136 (~5.40) € ~2.30) 
Lats 6.1; (7.44) | Bo 1.01* Nas? (~5.47) (~8.55) | € ~3.95) 
é 1.6, Nass (-26.0,3.i-C~10-7e) eee) CL 
Lats 6.35 8.79% — Ndi39 (~6. 1.) (~8.26) }@€  (~3.0o) 
Lat40 6ive Soler! | B= 3.80* Nd!40 (6.64) (~10.42) | € (0.4, ) 
Lal41 7.03 6.8; B= 2.43* Nd?41 6.73 (8.03) | e€ 1.80%* 
Late (~7.65) ~5.07) $= ~4e56* Ndt#2 7.25 9.8, — 
Lats (~7.74) | (~6.39) | B-  (~3.25) Ndi 7.44 6.071 = 
Lat‘ (~8.1p) (~4.52) | B-  (~5.65) Ndtss 8.09 7.85 = 
Lats (~8.34) (~6.33) | B-  (~3.95) Ndi“ 7.9% 5. 76h ad 
‘Ce130 (~5.17) € (~2.37) Ndt46 8.6; 7 Sgt == 
‘Cel3t (~5.31) (~8.46) |e  (~4.40) Nd17 ~8.6s 5.26 | Bo 0.90* 
‘Cei32 (~5.8,) | (~11.02) | € (~1.49) Nd148 (~9.12) 7.36 < 
‘Cetss (~5.8s) (~8.06) |e  (~3.25) Nd (~9.21) 5.1p | B- 1.641 
Cei34 (~6.47) | (~10.59) |e  (~0.7) Ndtso (~9.70) 7.34 | B-  (~0.02) 
Cel35 (u6.4gy-0) (~7.9oite © (~ 2205) Ndist (~9.8)) ~5.0, | B- 2.49* 
‘Cel36 (7.19) 4 “(C~ 10.05) = Nd1s2 (~10.29) (~7.27) | B- (~0.85) 
Cel87 (~7.09) (7.62) | € (1.35 ) Ndi53 (~5.02) | B-  (~3.3¢) 
Cel88 (7.67) (9.89) — Ndts4 (~6.45) | B- (~2.59) 
‘Cel39 heath [Ome ee 0.27* Pmi39 (~3.03) e (~4.4s ) 
Cei40 8.1. 92st = Pmi40 (~3.54) (~8.77) |e (~6.1o) 
‘Cel41 8.46 5. ale pis 0.58* Pmi!41 (~3.6s) (~10.55) | ¢ 3.57 
‘Cel42 8.79 Me Lath — Pmil42 4.23 ~8.58 € 4.8)* 
‘Cetss BeBe 5.1 | e- 1.45* Pm'43 (ra 2,) (~9.87) fe (+1.09) 
‘Celts (2291.35) 6.9, | B- 0.32* Pmt44 (~4.77) (~6.55) A@= (~O855) 
Cel4s (~9.5,) | (~4.67) | B- = ~2. Gok o} (~ B55) 
Cel46 (~10.0o) (~6.79) | Bo 1.09 * Pm145 4.8, (~7.92) | € 0.14* 
Cel47 (~4.47) | Bo  (~3.45) Pm146 5.35 6. 2ou8 lees 1535 
‘Cel48 (~6.66) | B- (~1.8) € 1.5, 
Cet49 (~4.45) | Bo (~4.29) Pmi47 5.33 7.67 B- 0.22* 
Cets0 (~6.54F B-  (~ 216i) Pmi4s 6.0. 5.9. |\@- 2.46* 
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Table I. (Continued) Table I. (Continued) 
Nucleus Sp Sn | Q- or Qs: Nucleus | So Ss | Q- or Qe 
S 0.55 Euts (oo, Ty) (WT dad es (2950) 
Pmi49 5.96 47.300, bet 1.06* Eutso (eSTain (3.8) Vee Os40ig) 
Boni (~6.58) (~5'72) | Bo 638.34 Euls (~8.91) (~6.5,) hie-  (~82%e) 
Pmt ~6.7 (~7.47) | Bo ~~ 1.6 ot Gdi44 (~4.67) € (~3.7) 
Pmi*2 (~7.34) (~5.72) | Bo (~3.95) Gdl4s (~4.80) (~9.28) | € ~5. 057 
Pmi83 (~7.60) (olOsnii bm aoteoy) Gdis6 (~5.31) (~1l.1,) | e€ (~1.12) 
Pris (~8.17) (~5.59) | Bo (~ 4.61) Gd1sz (~5.51) (~7.4) fe (~2028) 
Pmiss (~8.41) (~6.65) 1 6= (~3:6.) Gdiss (~5.98) (~9,0,) Ie ~ (~0105) 
‘Sm1!40 (~4.94) € (~3.0s5 ) Gd149 (~6.1y) 6.97 |e (~1.30) 
Smit (~5.0s) (~8.9,) Res  (~4uRm Gdiso (6.62) we se 
“Smi#2 ~5.6o 11.0.) i 6 wet Gdist (6.73) (6.49) | € (0.63) 
‘Smis (~5.69) (BG) be ~3.Agt Gatsz Pde (8.5,) = 
“‘Smit4 (eG. 2p 1b 6210. 45d = Gdiss “ae 6.3, |e 0.2,* 
‘Smi45 (~6.50) 6.7, | € 0.64% Gd1s54 (7.68) (8.73) — 
‘Sm146 6.97 8.3 — Gdis5 7.60 6.4, * - 
‘Smi47 Te AG 6.3; a= Gd156 8.09 8. 6ot — 
:Sm148 Wf S5iy 4 8.14% = Gd157 8.1, 6.35* — 
‘Smi49 7.58 5.9 = Gdiss 8.6 TO — 
‘Sm150 8.28 8.00* — Gd159 (~8.8,) (ro e= 0.94* 
‘Sms (=8.2,) Bs. tae 0.08% Gdiso (9224p (7.54) Fo 
‘Sm152 ~8.85 8.08 — Gdi61 (~9.46) (iby) Be 2.0, * 
:Smis3 (~8.95) 527e0 Rs 0.81* Gatez (~9.97) (7.03) | Bs (1209) 
“Smis4 (~9.42) (8.00) = Gass (~4,9—)- \.A= (328) 
-Smi55 (~9.51) (5.68) | Bo leas Gdlé4 (~6.42) | B-  (~2.35) 
Sm156 (49.9%) (go 0.85 This (a 2khs sy 6( 7868) 
“Smits? (~BiBMbOs (~2.92 This0 fd On) GTA ey (2ed29q) 
Smiss (~6:BA Wey (ALD) This (wa Seid (BBR aie (-~2uba) 
Sms (~ABe Wee (~eaD Tis 37m (~Tlp Mew (~4ig 
“Smt60 EA Rs-  (~BideD Tiss (man) | C828, tee (lees) 
Euss (2.64) a (SN This (~tBa i (~CTaes (~Or2D 
Eul4 (~3.12) (~9.15) | @ (~6.55) e (3.69) 
Buus (3.3). |) -(~10-65) |e) (~2:70) Tiss (4.6) (29:04) the (0.94) 
Fuss 51, (72m he a BaBaet Th1s6 Gebel (~6.99) | B- (~0359) 
Eu? (~3.8s) (~8.54) | € (~1.71) e (~2.66) 
Euts8 (~4.27) | (~6.76) | B-  (~0.00) Gove (5.35 ) (~8.7) | € (0.23) 
€ 3.05) Tbs (5.85 ) (6.86) | Bo (0.8) 
Eut49 (4.49) | (~8.27) | € (0.72) é (1.28) 
Euts0 4.85 (6.38) | Bo east Tb1s9 (6.0s) 8.14% = 
€ say Thbi60 (6.56) (GAN em 1.83* 
‘Eulst 5.0. Sala = € (0.2) 
Eu Ee 644. he 1.81* Tpist (6.78) VRE ar ior 0.54% 
€ 1.86% Tbie2 (~7.27) (~6.03) | Bo  (~2.70) © 
Eutss 5.8; 8. As = Tis (7159) | (~Teda), B= eGo) 
Euts4 (6.52) (6.49) | Bo elas Tie (~7.99) (~5.45) | B-  (~3.87) 
€ (0.70) Abo» (~8.14) (~6.57) | B- (~2.90) 
Eutss (6.65 ) Saleem 0.25% Dy?°° (~5.05 ) € (~1.60) 
Eutss 7.2 6.2, | Bo 2.59* Dyts (~5 4a) (~7.57) |e  (~2.89) 
Euts? 7.4, los = 1. 5ef Dyes (~5.75) (~9.42) | © (~0.54) 
Eutss (709 (~5.%) | Bo (~3.70) Dyts3 (~5.84) Vale Wis (~Betg) 
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Table I. (Continued) Table I. (Continued) 

Nucleus Se | Sn Q- or Qe Nucleus Sp Sn Q- or Qe 
Dy154 (= 6.30) 9.2, = Ert9 (~8.14) (5.92) | Bo 0.34* 
Dy155 (~6.45) (6.9) |e 1.8,* Er170 (~8.62) (7.36) a 
Dy1s6 (6.62) (9.27) = Eri (~8.85) (5.53) | Bo 1.48* 
Dyts7 (~6.6s) (6.9) |e (1.39) Eri (~9.3s) (6.83) | B- (~0.80) 
Dy18 (6.96) (9. 12) = Eri73 sii (~5.0)9. 08s (~2569 
Dy1s9 (6.98) (6.83) | e 0.38* Eri (~6.36) | B-  (~2.05) 
Dytso (7.45) (8.6; ) sats Ert%5 (~4.7%4) |B (~3.7%1) 
Dyist 7.6% 6.4yt = Eri7% (~6.0;) | B- (~2.98) 
Dy16 7.95 8. 1gt = Tmi61 (~2.6¢) € (~4.05 )- 
Dy163 (<8. 16) 6. 1gt a Tmiée (~3.19) (~7.97) |e (~5.2s ) 
Dyis4 (8.54) 7 Ut an Tmis3 (~3.45) (~9.46) |e (~2.85) 
Dy16s (~8.69) (5.65) | Bo 1.28* Tmi64 (~4.09) (~7.72) | € 3.94" 
Dye (~9.14) (7.03) | Bo 0.49* Tm'65 (~4.05) (~8.8)) |e (~1.99)- 
Dy167 (~5.23) | B- (~2.45) Tm!6 (~4.46) (~7.14) | € ~3.197 
Dyt6s (~6.71) | Bo (~1.50) Tmis7 (4.82) (~8.79) | € (0.75). 
Dy169 (~4.8,) | B- (~3.5s) Tmis (5. 1s) (6.71) | B- (0. 15). 
Dy170 (~6.16) | B=  (~2.75) é (1.89) 
Ho155 (~2.5s) € (~3.5s) Tm1s9 (5.4g) 8.05* = 
Hots6 (~3.059) (~7.42) | e€ (~5.40) Tm!'7 (6.07) (6.52) | Bo 0.97* 
Hols? (~3.2s) (~9.46) | € (~2.85) € (0.5o) 
Hots8 (~3.75) (~7.42) | € (~4.5s ) Tm (6.2) De B- 0.10* 
Howe (~4.00) (~9.33) |e  (~2.10) Tm! (~6.9) (~6.25)-bB>  C~ 22039 
Hot (~4.54) (~7.42) | € 3.25* Tm (6.97) (~6.95) | Bo (13g 
Hoté1 (4.71) (~8.75) | € (0.98) Tmt (~7.58) (~5.69) | B- (~3.20) 
Hote (25.11) | X~6:8pdeee «OlD Tm! (27.67) (~6:45) 063  (~2eeye 

é ~ 285) Tmiv (28.25) (~5.32) | p-  (~42ap 
Hotes (5.89) 1 (~8.4;)sMhe (0.0;) Tmiz7 (58.85) \(~6.1,) | 6- (See 
Hot64 (5.72) (6.51) | pr 0.99% Ypuee (24.4) e (~ 26 
e (P55 Ybis3 (~4.58) (~8.03) |e  (~@aigh: 
Hot6s (6.1) 8. 1p * bes Ybie4 (25.02) (~9.9). Re) “(~ 129s 
Hotes (6.75) (6.24) | B- 1.85% Ybi6s (24.95) (~7.6z) Le) ” (~3tg 
Ho!67 6.9 7.20 B- 1.0)* Yb166 (~5.50) (~9.33) | € (~0.8¢ ) 
Hots (~7.43) (~5.76) | B- (~3.0) Yb167 (~5.76¢) (~7.40) | e€ (~2.2;)) 
Hotes (755) (~6.8;) | B= (~2.0;) Ybiss (6.0s) (29.19) s 
Ho170 (~8.1,) (~5.36) | B-  (~4.05) Ybi69 (6.35) (ZO) aire (0.90) 
Hott (~8.35) | (~6.3s) | B- (~3.25) Ybi70 (6.70) (8.3) = 
Erts¢ (4.85 @ (1.8,) Ybiv 6.8, 6. Got = 
Eris? (~4.93) (~7.51) | (~8.7s ) Ybi72 7.44 8.1, — 
Eris (~5.29) (~9.82) |@ (1.35) Wibie (~7.5s ) 6.3;1 = 
Eris (~5.35) | (~7.48) |e  (~3.2p) be (8.11) 7.5it = 
Erteo (~5.73) (~9.71) |e = (~0.91) Ys (~8.17) (5.75) | Bo OVATE 
Erist (~5.75) (~7.44) | € (~2.25) ae (~8.74) 7.02 “ 
Eri62 6.1 ~ — 
Eri63 fees ie € (~1.3,) ae ve ake sa 
. ~1.3) (~9.48) (6.75) | B- (~0.60) 
aes (6.72) (8.8) = Yb179 (~4.83) | B-  (~2.69) 
Eri6s (6.97) (6.7) |e (0.35) Ybis0 (~6.04) | B-  (~2.09) 
Briss (7.30) (8.43) te Luts? (~2.8,) e (2318) 
1 be ae a Luise (~3.3s) | (+7.9) |e  (~4.95) 
76 Luis9 (~3.5s) (~9.25) | € (~2.70) 
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Table I. (Continued) Table I. (Continued) 

Nucleus ‘Se Sn Q- or Qz Nucleus, =e S>,, | » &, Q- or Qe 
Lutz (4.0541 §-O~7. Seal 3.55 * wie (~4.31) 2.) (2200 
Lui (~4.1,) (~8.52) | € (~1.72) Wits (~4.4;) (~7.96) | © (~3.67) 
Lut? (~4.65) (~7.15)e €.— {~2.69) wire (~4.95) (~9.33) |e  (~1.77) 
Luis (4.83) (~8.30) | € (0.70) wit (~5.0s) (~7.63) |e  (~2.37) 
Luis (5.13) (6.61) | B- (0.24) wis (5.65) (~8.7s) le  (~0.52) 

é (1.60) wir (~5.91) (7.24) | © (1.39) 
Luis (5.43) 7.8,* = W180 6.3; (8.45) — 
Lut 6.09 6.4,t | Bo 1.02* Wis 6.63 6.82 |e 0.1, * 

€ O.1, W182 7.08 8.04 — 
Dut 6.0; 7.00 B- 0.50* W183 7.26 Gala — 
Lu!78 (~6.57) (~5.93) | B- (~2.25) W184 M85 Sai a2 
Luis C70. 6B.) Bo) (1a) Wis Gio (5.69) | p- 0.43* 
Luts (7.22) (~5.44) | B-. (~3-4e) Wise (8.51) (7.39) ms 
Luisi (HAO (6.2, B=5 (12585 wis (~85y) 5.25* | Bo 1.31* 

Hes (~4.2)) S) (£290) Wiss CL (7.07) | B- 0.29) 
Hft6s (B38 8-6-8 0a 2.) (45 W189 (5.0) er (22 
Hfi7 (48) (Guo ale—\ (ole, W190 (~6.74) | B- (~0.95) 
Afi (~4.9s) (~7.67) | € (~2.76¢) W191 (~4.93) | B-  (~2.9) 
Hfi7 (~5.46) (~9.0o) | € (~0.9 Wie (~6.44) | B-  (~2.09) 
Hei (~5.61) (230) Bice CD Rei79 (~3.20) € (~3.2¢) 
Hiv (6.07) (8.76) — Reis0 (~3.7s) (~7.82) | € (~3.85 ) 
Hef175 (6.37) (6.91) |e (0.66 Rest (~3.9o) (~8.66) | € (~2.05 ) 
Hifize 6.65 (8.05) — Reis82 (~4.44) (~7.27) | (~2.82) 
Ffi77 Gala 6.47t — Reiss (4.71) (~8.31) | © (0.75) 
Hei78 (eae TaGat — Re1s4 (~5. 12) (~6.65) | B- (0.09) 
Hfi79 (~7.60) 6. 1st So e (~1.6:) 
Hf i80 (8.14) he = Ress (G32) (~7.73) -- 
Heist 33) 5.6, | Bo 1.02* Reiss (5.91) (6.25) | p- 1.07* 
Hf182 (~8.8; ) (6.75) 8,8 (0.33 ) e 0% 
Hfis3 (~5.01) | Bo (~2.39) Re}8? 78 (Ze Gm OnOles 
Heiss (6.62 suis (x Vailas Reiss 6.45 5.95 | p- 2.12* 
Hfiss (~4.67)8| G=) (~3285) Reis (6.42) (7.00e8- (100) 
Hf186 (~6.39) | B-  (~2.30) Re190 (~6.91) (~5.59) | B- (~3.25) 
ais | (~3.117) e  (~3.3:) Rett} (27.14)! % (~6.97) | B-  (~1.95) 
Tait (Bupa b-~7.8) ©. (24225) Reis (~J.65)4l0 (~5:45)0 = (24.00 
Talts (PB SAREA(~8.85) 2. (~223s) Rei9% (~7. 2988 (A6.6)4 8— (2300 
Teateb) (4 Ageia (~745) |e (~209%e) Osi | (W449) e  (~2.62) 
Tali wih 5, (~8.23) | Tde Osi (~4.57) (~7.97) | € (~3.31) 
Tats (~5.00) (~6.93) |e (~1.9) Os18? (~5.13) (~9.22) |e (~1.36) 
Tats 5.3; (~7.9) | ¢ 0..0s* Osi83 Gubise al Gy (27 5a les Ceo ale 
"Ta 180 5.64 6.54 isn 0.64 Os164 (5.87) (~8.82) | € (~0.00) 

€ 1.0 Os!85 (~5.97) (6.75) |e 0.93 * 

Tals 5.85 7.64* = Osis (6.55) (8.3:) 2 
Tals2 6.35 6.03* | Bo 1.894 Os!87 6.45 6.21 = 
Tass (6.52) 6.93 | Bo L07 Os!88 7.28 8.0¢* _ 
Tas4 (~7:08) (~5.54) | Bo -~3. 044 Os!89 7.22 5. Bot = 
Tats (~7.24) (~6.83) | B- 1,9) * Osi9 (7.97) 77st 7 x 
Taise (~7.82) | (~5.2s) | B-  (~4.04) Osi (~8.14) Oma piace) 7 Orel 
Tats | (~7.88) | > (~6.3¢) | 8-— (~2.%) Os | (~8.74) | (7.54) - 


1514 M. YAMADA and Z. MATUMOTO (Vol. 16,. 


Table I. (Continued) Table I. (Continued) 

Nucleus Sp Sa | Q= or'*Q: Nucleus | Ss Ss Q- or Q: 
Osis | (~8.8,) (5.55) | Bo 1.14* Auts2 (@3).5-0~TI0pal-@ 3.24* 
Os'94 (~9.4p) (751904 -p* (0.05) Aut (4.4;) (8.43) | € (1.19) 
Os195 (Kp eo) (72.35) Aut 5.03 (6.91) |e 2.57% 
Os196 (~6.8,) | B=  (~1.15) Aus 5) Ihe 8.59 | € 0.2,* 
Os197 (WASP) C8. Aut 5.6, f: 6.65 0.87 0.70* 
Os198 (~6.39) Be) (425355 é 1.534 
Iris3 (~2.75) | € (~3.97) Auts? 5.76 8.0;t = 
Iris (B19) (~7.9,) |€ . (~4.85) Aut 6.4, 6.4% | Bo i 
Irtss (~318,) (W910 ie = (2.555 | € (0.3p) 
Irts6 (AB 172) (~7.09) | € ~3.8,* Auts9 (6.5;) 7 55 0, 8 0.46* 
Ir187 (~4000% (~8.69ehe  (et.a Au200 mh, 6.39 i. B= 2.29* 
[ris3 4.65 | (~6.8,) | € 26a Au?0l (~7.1¢) 7.04 p= 1 .4ot 
Iris9 (4.65) (8.03) | € (0.45) Au202 (297m) (~5.86) | Bo (~3.3p) 
Tri90 (5.02) (6.29) | Bo Oo) Au203 (~7.85) (~6.87) | Bo (~2.49) 

| é (1.95) Au20 (~8.54) (~5.42) | Bo (~4.59) 
ia (5.20) (7.93) ae Au205 (~8.57) (~6.35) | B=  (~3.89) 
[ris 5.65 | 64s) B= 1.45* Hg (25h) en) (2259 
e 1. 1g¢ Hgi91 (~4.6;) (~7.5;) |e@-  (~3.4;) 
Ir193 (5.91) 7.7o* = Hg (~5.25) (~9.45) | € (~0.95) 
Iri94 6.45 6.19 Bo 2.24* Hgi98 (~5.31) (~7.07) |-€ 2.3,* 
Irt9s (6.65 ) 7 Bee B= 1-034 Hg (5.93) (~9.05) | @ (0.2): 
Iri96 (~7.19) | (~5.67) | 8B (~3.3p) Hg95 (5.99) (6.9;) |e (Ly 
Iri97 (SPADE V7 Ope Be) | 2.05 Hgis6 6.55 (9.09) | 2S 
Irie (Ter XS dep ATF Hgi97 (6.65 ) (6.77) | € (0.65) 
Iri99 (~8.1;) (A6.5)e Pr (33h Hgi98 rei (8.4, - 
Ptiss (~4.15) | €  (~3.01) Hgie 7.2, 6.65 * x 
Pts | (~4.3,) (~8.13) | @ (~3.85) Hg200 7.72 8.04% ad 
Pie (~4.8s ) (~9.52) | € ~1.46) Hg201 Wee 6.24 | = 
Ptis? (5.2) | | (7.42) |e * (22265) Hg202 83; 7.76 at 
ree (~5.54) | (~8.9%) | © 0.5)* Hg203 (~8.4o) 559, Pal oS 0.49* 
rue (5 .5;) (6.8,) | € (1.74) Hg?04 (~9.14) 7253 — 
rue (6.21) | (8.73) = Hg20s (~9.37) ~5.6, «| BE ~1. 56h 
Ptie1 (6.34) | (6.42) | € (0.8; ) Hg20s (~9.9) ~O285 LB (1.29) 
Pw 6.8 (8.39 ) = Hg?07 (~363)1) B=) (~4335 
Pti9s 6.95 | 6.259 € 0.0; Hg208 (~4.85) | Bo (~3.36) 
Pti94 Gass 8. 3st = Hg?09 (~3.39) | A>  (~4.85) 

Ptt95 65> al 6.25% aaa Heg?210 (~4.74) | Bo (~3.8%) 
Ptis6 Sely a C92 ag T1195 (~3.02) é (~3.17) 
Pti97 (~8.3;) 5.79 | 87 075% Tiss (~3.6,) (~7.59) | € (~4.67) 
Pine (~8.8;) (7.54) es Ths (~3.6) (~9.14) | @ (42.3) 
Pti99 (~8.9;) (~5.59) | Bo 1.7)* T lise (4.33) (~7.42) | € 3.3, * 
Pt200 (~9.47) (~7.10) | Bo (~0.9 ) Tlhi99 (4.4)) (8.53) | € (i555) 
Pee (~5.26)) Br (~2.75) T1200 4.81 (7.09) | € 2.45* 
Pie (~6.76) | B- (~1.89) Tie 4.9, 8.2, |@ 0.4;t 
Pt208 (~4.77) | Bo (~3.9%) T1202 (5.56) (6.8,) | € 1.4,# 
Pt204 bY (6.3888 (23.059 T1203 5.6, (7.87) Le 
Auls9 (~3.1,) | € (~2.9) T1204 6.3, 6.6, | Bo 0.77% 
Auts90 (~3.70) (~7.40) | € (~4.2;) 6 0.39% 
Aut (~3.77) (~8.8)) | (~1.87) T1205 6.3; T5i% - 
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Table I. (Continued) Table I. (Continued) 

Nucleus} Sp = Sn Qh or Q Nucleus} Sp, | Sy Q- or Q: 
PI206 2785, 6.55. | @- 1.51% Pot (35,018) (~ 7S (ada 
P1207 22,92 6.8, | B- 1.4,* Por (3.97) (~9.1g) | € (2.5. ) 
T]208 (Rid) | 3.8; | pr 4.99* Foti e (4.07) | (7.33) |e (3.52) 
T1209 (~7.49) | 4.9, p- 4.0; Pore | (4.35) | (8.65) | (1.9;) 
T p10 Gee) Se7hale-) BR Pow |» (4i4 ela Oe 2.9)* 
PEC S| (AERLBL SE (4.73) | p> (4.4¢) Poze) | 4.64 S233 ane 1.59 
Ppi96 (Aid (2; | 5 (2376; P0209 My Fhe 6.99 | 1.9 
Pb197 (~4.4,) | (£7.79) | © (~3.95) Boze 4.98 7.63 | a 
Piss (AMIS WL O-(AGBYEMS- (eS Po2tt 4.93 4.55 | Es 
Pp199 (8184 A HG~7 ALS (S208; Po22 5.85 6.02 | _ 
Pp200 | (Gil A e—-C-S9L0L)0 te (0.9) Po213 585 Jil 4.35 ©| as 
Pb201 (5.54) (72, Oke (1.9% Pozi 6.56 | 5.8, ro 
Pb202 (5.98) (8.66) ¢€ 0.05* Po2is 6.59 Oe ae as Oe 
Pb208 (6. 1¢) (6.99) ¢ 0.95 * Pozi Tee Pl 57s. | ca 
Pb204 6.6: Sh5; fi Bea Po2t? (AV i2RE| (3.9:) | B- (1.52) 
Ph205 Guz; 6.7, |e 0.05* Pozts CL (5.65) | B- 0.35 
Pb206 753, Bl 8.1,* om Pozo | (~8.81) | B= (~2.16) 
Pb207 7.46 | 6.74* = Po220 | [a(S 23, OL S=) (me lelgp 
Pb208 8.0, | 7.38* = Po?2! (~3.7s) | B-  (~2.85) 
Pb209 8.14 | 3.93*  B- 0.64* Po222 (2512, tte=) (A 1) 
Pp210 814, 5nd, he 0.06* Ae | (~1.%) | (e€ (4.64) 
Pb21 8.4. 3574 a 1.3)* At206 C22 ENS (C= TAT a) (€  (~5.5s) 
Pb22 (8.85) 5.1, hp 0.58* Atz07 (2.43) | (~8.79) | e 3.9% 
Phil? (3.67) | B- (2.06) At208 (2:69 (7.3,)8l (4.85) 
Pb24 | (5.11) | g- 1.03* At209 217 | (8.35) | € 3.45 
Pp2s Len SiSialpel (A297) Att (2.9) | (7.16) | € (3.97) 
Pp216 CS 5sOD B=) (C1875) At@it | 3.0 | (7.76) | € 0.77 
Bit (ies YS e€  (~4.75) Atte | (8.59) (5.05) | € (1.74) 
Bj200 (SS BLIGE TOD Ele) 5h) Ata 525, | (6.06) | € 0.05 
Bi2o (22.5j) | (29519) ie (~3.93) Ate Tt | 4.05 4.8, | Bo (1.00) 
Bi202 CORBET C2754) (505) | | /€ 1.06 
Bi203 (2:97) | (8.7%) | e€ Spy A7il At?ts | 4.07 Be wel 0.05 
Bi204 | (Soe. ) (7227) | € (4.30) At2l6 | 4.54 4.58 | B= 2.03, 
Bi205 3.25 (8.33) | € 2.05" | € 0.46 
Bi206 (3.61) (7.04) bs (3.75 ) At?l7 4.65 | 5.89 | Bo 0.76, 
Bi207 3.5. (8.1,) |e 2.38 Attts | (5.27) | 4.53 | Bo 2s 
Bi208 ical 619, ne Pa Ate Bly | 5. Spelte=) tes 
Biz09 3.79 | 7.4,* = Jee | (~5.70) | (~4.32) | Bo (~3.60) 
Bizt0 Aid, Bl 4.6,* | p- 16% At? (5.80) (~5.48) | Bo (2.50) 
Bien 4.3o 5.1, | Bo 0.60 Ate (~6.22) |  (~4.1s) | B-  (~4.35) 
Bizt2 420, | 4A3> aling= 2220" Av | (~6.35) | (~5.38) | B- (~3.25) 
Bi213 4.95 Beli ita- 1.4;# has (~3.2s) | ie (~3.7o ) 
Bi2t4 (5.36) | 420501 0 3.26% Rn207 (~3.22) | (~7.70) |e (~4.70) 
Bi24s 5)4: a2, 1 ee Qe Heri 208 | (3.57) (~9.14) | € (3.02 ) 
Bi26 (~5.95) | (~3.83) | B-  (~4-10) Rn? Co Lane te (GP) 
Biz17 (~6.03) (~5.1,) | B-  (~2.9%) Rn210 (3.95) (8.65 ) |e (2.43) 
P0200 (~3.11) le (~4.0;) Rn? (4.05 ) | (7.30) € 2.8, 
Port |  (~8.1y) | (~7.8.) | e@ — (~5.31) Rn? 4.24 eda Orem) 
Po20 (~3.57) | (~9.68) |e — (~3.21) Rais ol STE a ae 
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Table I. (Continued) Table I. (Continued) 
Nucleus Sp Sn | = Q- oriQs Nucleus Sp Sn | Q- or Qe 
Rn (5.05) | (6-71) — Rae (7.45) 6.42 | 1 
Rn2s 5.1g (4.96) = Ra22? (9367) 4.55 | B- 1.3,* 
Rn26 5.84 6.57 ei Ras (~8.13) Gsofee ee 0.05* 
Rn2i7 5.8, 4.6, = Raz29 (B.2e ule (~4/49 0, B=) (1295) 
Rnzs 6.5 6.5: = Ra2s0 (~s8.6g) 0 (~5.Bp)e) B=) (~ 1209) 
Rn219 6.45 4.45 | BO 0.24 Rast (~4.3)) | B> (~2.70) 
Rn20 gull 6.32 = Ras (~Bl6g)0 B=) (“18D 
Rn (3720) @i3,\ee= - “2000 Acti? (~1.95) ety (288 
Rn222 (7.72) (6.00) = Ieee (~2.38) (~6.0¢) | € (~4.10) 
Rn223 (7-85) (4.23) | Bo (1.76) Ac?19 (~2.48). (~7.36) | € (~2.0s ) 
Rn224 (~8.25) (5.82) | B- (~0.70) Aic220 (~3.02) (~5.85) | € (~3.3;) 
Rn2s5 (~3.93) | B- (~2.6s) Ac221 3.07 (~7.29) | € 1483 
Rnv26 (W517, mue= (1989) Ac? 3.86 5.9, |e 2295 
Rn227 (~3.9) | B-  (~3.25) G28 3.85 6.8) | € 0.55 
Rn (5.Be)SIB=) (~ 2225) Ace 4.35 5.6) | e- 0.26 
Fr212 @ily) € (5.01) é 1.3, 
Fr213 (x2, 28) (8.09) | € (~2.25) Is\eren 4.46 6.61 — 
Pru (2.6s)c|2-(~5.7,) |© (~3229) Ac226 4.95 5 /37an ee 1.1,* 
Fr2is (2.71) (~6.7%) | € (1.47) é 0.65 
Frat (~3.1g) | (+541) |e  (~2.65) Act 5.0 6.5, |B- —0.05* 
Frit 3.2, (= 6-6a)b 16 0.6 Ac28 5.5s 520; ./| (= pat 
Frits 3.9, 5:3, 218) (0350) Ac®s (5.65) (6.39) | B- (1.09) 
e 1435 Acz30 (see (~4290Re- (~ 2898) 
Fr219 3.8, 6.4, = Act (~6.22) (~6.09) | Bo 2.Oof 
Fyr220 4.64 5D, mise 12) Acz32 (~36166)010) (~406a) | B= BPD 
€ 0.8; Ac?33 (627P Eh Al~5272) | b> ee 
Py 4.6, 6.2; | Bo 0.2 Theis (BT) e 6 6(a2hte 
Fyre (5.20) Gone ern Theis (~8193) |  (~6l29/0L en) (23 89) 
B (0.02) Tho (8 BEELe “C~7 SPE Sa) (1 
Py223 5.25 (6.03) | B- 1Me Theat (B19 OA(~ SESE) (-25ae 
Fr224 (~5.%) (~4.7) | B>  (~2.90) Th222 (4.49) (~7.77) | € (0.70) 
Fr225 Gee (~5.:9,)0e- CD Thees 4.4, (5.9) |e 1.5, 
Fy226 (Giz yale (~4.3)e| = (~30) Th24 5.21 7.55 aie 
Fr227 (~6.37) (~5.8,;) | B- (~2.60) Ths 5.26 Daly |S 0.57 
Fr228 (6.8;)B1e (~4.3qalie=  (~4959) The 5.7 74 fe 
Fr229 (~6.9¢) (~5.49) | B- (~38.55) Th227 Deters 5.4, — 
Ra?i3 (~3.20) € (~4.03) Th228 6.4, Teil _— 
Ra?*44 (~3.3s) (~8.1p) | e€ (~1.55) Thee 6.6; 5.26 = 
Rats (SS Saelai~Sesaele (~ 2H) The (7.02) 6.8) is 
Razis (4.23) | (~7.414) | © (~0249) Th2s (~7.22) Seal tot 0.38% 
Ravi7 (~4.45) (5.61) | e (1.44) The 7.65 6.45 2 
Rats (5.04) (20) — Thess (~7.8) tered a= 1.25% 
Rave 5.05 (5.31) | e 0.66 Thess (~8.15) 6igyl@= ~ | of 
Ra220 b.%4 Beil = Th2ss (~A56;)a1B>  (HTSSH) 
Razzi 5.67 5.1 — Th236 (City)! | Ce ailey } 
Ra®2 6.25 6.85 = Th237 (4 37\0\ ba) (2.58) 
Ravzs (6.43) 5.1, = Ths (~5\S2) Be) (~1 ey 
Raz 6.85 6.54 i Pa223 (2133) pe (~208D 
Raves (7.0) 4.8, | pr 0.36* Pa224 (~2°95 BU -G~624g 4, en) (23008) 
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Table I. (Continued) Table I. (Continued) 
Nucleus Sp Ss Qo: Nucleus Seis Sa Q- or Qe 
Pas (2.92) | (~7.65) | (2.09) | le 0.0, 
Pazz6 3.63 (6.49) | € are Np239 | 5.35 6.2, | B- 0.73* 
Pa22t 3.6. Zl eabilize 0.9, Np 5.6, Bele | B--2.08* 
Pa22s a2 6.0, |e Onl. Np 5.6500 5.9, | Bo 1.39* 
Paz 4.2, 7.09 |e 0.2, Np?2 | (~6.03) | (~4.95) | B-  (~2.65) 
Pa2s0 4.8, 5.9) | Bo 0.41* Np*@ | (~6.1o) | (~5.55) | B>  (~2.20) 
e 1st Np244 (5G ANA ED (~ daGe aliens (Ota 
Pasi Aats 6.65 a Npes (~6.50) (~5, 3,0) B=) (~279)) 
Pas 5.2, 576, eB 1.24% Pu2s0 CBS.) Vere Siler’) 
e 053; Pistilli) (84,05) 1/9 — (6.62) Om a 2TB9) 
Pazss Bie 6.4, | p- 0.57* Pu22 LAs | fw 8D eee ie 
cae 5.5, 59 heels 2.308 Pu233 (~4.58) | 6.5) |e 2.0; 
Pa2ss 5.65 6.2, | Br 1.49* Pus 4.95 Tt¢ we 0.35 
Paz36 (a 6.01).) i 4.90 eee yi 2. 9p) Puzss 50a) 6.23 | ¢€ ine 
Pa2s7 (~6.05) CS ay, RS 2.3) * Pu236 5.46 735 OA = 
Pass | (~6.4,) CEO |= (EBS) Pu237 Baler 5a8s walle 0.23 
Paz (~6.55) (5.6,) Wises (22.08) Pu2ss 6.0p 70; — 
U224 (~3.79) e (~2.0o) Pu239 6.17 5.66 = 
Us CSN Me Oee ie Lorie s. 13h Puzo 6.4, | 6.4, = 
Uz226 (4.32) (28:23) are (@-38) Pu2t 6.56 5 25 AaB 0.02* 
U227 AS ae (6.44) | € 2.0; Pu24 | 6.83 | 6.25. | — 
Uz 4.9o Tile: the 0.25 Purse | (~6.95) | 5.1y 9). 86> 0.55 * 
229 4.95 6.0, |e 1'3; Puzss (~7.35)"| (5.93) | B> (0.09) 
230 5a el =| E Purss (~7.5) (WA.70)1, B=) (21588) 
1231 5.5y 5.8 € 0.36 Pu246 (~7.83) | (~5.76) | B- ~0.4sf 
232 an & 7.21 ee Pu2s? (~4.32) | Bo (~2.10) 
U233 6.25 tz Be Puzss (~5.3:) | B-  (~1.40) 
24 exG, 6.85 =. Am?5 (~8.05) Le) (2.45) 
yp35 6.8, 5.3; + Am (~3.53)  (~6.71) Le (33,05) 
236 Gale 6.49 | = Am?37 3.64 (~7.47) |e 1.4, 
237 (27.29) Baik, pr 0.52* Am?38 | (~3.98) (~6.22) | € (~2.25) 
[238 7.65 6.16 = Am?239 4.06 (~7.09) | € 0.85 
U238 WNIT; ) ALBEy bhWa 1.28% Am?0 | (4.30) (5.9) | € (1.40 ) 
U240 (8.07) 5.9, | p- 0.49* Amt 4.5, (6.71) | oan 
U2at (~4.6;) | Bo (~1.85) Amghes 4.75 5.4 | B= 0.72 * 
U22 (5.45) | B= 9 E1132) | | € 0.75 
U8 CoO || B= C22.6y) Ams 4.9 4, | B- 0.05 
244 (~5.33 p- (~1.90) Am244 | Balls 35 Sin 1.4 t 
Nps (~2.7s) € (~2.59) | € (0.09) 
Nps (~3.2;) (~6.49) |e  (~3.6s) Am? | (5.30) 6.03 | B- 0.88* 
Np 3.2,  Mopiewale 1.85 Am | (~5.4,) ~4.8, |e ~2.Aot 
Np? (~3.79) (~6.40) | € (~2.70) Am*4 | (~5.64) (~5.99) ee (~1.6y) 
Np233 3.8, (~7.37) | € 1.1 Am?248 | (~5.9s ) (~4.6;) | pee eS. Tey 
Np a2, 6.1, |e 1.8, * Am*? | (~6.05) (~5.41) | B-  (~2.45) 
Np235 4,36 6.95 |e Only Cm?36 (~3.9s ) e (~1.9s ) 
Np236 Avie Se Prot Wie 0.52* Cm?s? (~4.09) (~6.82) |e (~2.65) 
€ 0.9% Cm?238 4.4, (~7.82) |e (~1.05) 
Np?s? 4.9, 6.65 — Cm2s9 (~4.53) | (6.38) | e (1.75) 
Np238 Sas he Oe 1.29% Cm?*40 4.9; (7.48) | € (0.15) 
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Table I. (Continued) Table I. (Continued) 

Nucleus | So Sz Q- or Qe Nucleus: Sy Sn | Q- or Qe 
Cm2t (5.19) 6.0, |e 0.8 Fm | (~4.93)  (~5.42) e  (~0.44) 
Cm2#2 5.45 7.09 = Fm? B23ihl B) (46355) se 
Cm243 5.65 5371 we 0.00 Fm25 (~5.40)\} (~5-24) | 
Cm 5.9; 6.75 ~ : ear ee ie a : 
Cm?45 6.18 5.56 = Table II. Notation in Table I. For details see 
Cm246 6.5, 6.4, _- the text. 

Cm247 (~6.8:) (5.19) | p> (0.07) a 

Cm?48 (~6.98) (6.16) | Example Comment 

Cm249 (60s) (~4.71) | Br 0.9et 1.2,* The asterisk, *, means a measured, un- 

Cm | (47.44) |) (~5.%4) | Bo (~Ous pS ne 

Bk241 (094 ie (258) 12h oa 65 ae a Ge eon, is 
obtaine rom e experimenta value 

Snail ae nea | : ee after adjustment within the error. 

Bk (3.7; (6.02) ae (2.2 1.2,¢ The mark, #, means a value which is 
obtained from the experimental value 

Bkis 3.9% (6.%) | € 0.84 after adjustment beyond the error. 

. pi ae ad baie 1.2; A value without any mark is a calculat- 

eS NS ed value. 
Bee a Be ll Le (1.23) A value in parentheses is an estimated 
. (0.47) value. 

Bk249 4.8% 6.1, | 6- 0.13* 

Bk250 5, 4.9, | Br 1.75 * Example Uncertainty 

Bk25 (~5.29) | (~5.8) | A> (~0.98) 1.23*, 1.23t, 1.23 0< <0.04 

Cf242 (~4.05) San) a 1.25% 1.2,t, 12316 23/,e2s), 0.04 = es 

Cf24s (ih. 13) (~6.4¢)al @- . (s2205) mle moh Dele Lagoa, 

Crees 4.5, (~7.49) | € (0.75) wilh Boy (ole 2e) 0.25< <0.50 

Cf245 (4.6;) 6.1, € 1.55 AN Ph PA UM Mie ab. 

Cf246 5.0, 7.37 | & (0.0. ) (~1.2) 0.50< <li, 

Cf247 (5.16) (6.0,) (0.6; ) PUA cow Vachs eek sh Ee be, 

Cf248 5.4g (6.94) — (~1.2) hO0< 

Cf249 5.49 5.62 _ 

Cf2se 5.94 6.59 | = enough to belong to this class. The uncertain- 

Cia (~6.09) | (~5.11) = ties of the estimated values are estimated 

Cfase (~6.35) (~6.15) = fairly conservatively. The probability that 

C£253 (~4.8,) | Bo 0.27% the estimated range does not include the real 

E246 (~3.08) e€ (~3.5;) value is perhaps a few percent at most. Such 

E247 (~ 2.9) (~7.23) | € (~2.30) uncertainties of the well-estimated values are 

E248 (~8.3,) (~6.4)) | € (~2uBe) about 0.2 MeV, and these values belong to 

E249 3.4, (~7.0;) | € 1.4; the second class. 

F250 (ae (~6:0;) |e (119) By the authors’ judgment some data are 

E251 4.0, (~6,7atee) (0820) assigned larger errors than those given in 

E252 (~4.35) w54y p=) ON: the literatures, and are classified into the 

3 (x 18Og) lower grades. Typical ones are the mass- 

E253 (4.35) 6.1; spectroscopic data, for which three times the 

E254 ne 51g Wee 0.9 errors in the literatures are assigned. 

Fm28 (3378,) é-) (216) The values in Table I are also shown in 

Fm249 (20) (~6.54)) @-) (22846) graphical form in Figs. 2 to5 in order to see 

Fm250 4.3, (Taille (acOND how our systematics holds. Furthermore, Fig. 

Fm?! (ee) G.lpeiee) (188 6 in which some of the S,(odd-Z, N)’s calcu- 

Fm2sz 4.9, (7.15) L lated from Reference 1 are plotted will show 


how the plots look without any adjustment. 


= 
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§ 4. Discussions of Particular Data 


In this section we discuss the data which 
need large adjustments or re-interpretations. 
The data which cause some deviations from 
our systematics are also discussed even though 
they are not adjusted appreciably. 

Discussions are given in the order of increas- 
ing atomic numbers. The mass-spectroscopic 
data are discussed in the last. 

Na?*, Q-. The value, 15.3 MeV, obtained from 
the Ne? p, 2) threshold*®» is too large. The 
systematics of the Coulomb energy differ- 
ences suggests Q:~14.0 MeV, and this value 
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is also supported by the rule 3. The ob- 
served threshold may be due to the excited 
states of Na?°. 

Co’, Q:. There are two experimental values, 
0.57--0.03 MeV obtained from the measure- 
ment of the internal bremsstrahlung®™, and 
0.837+0.003 MeV obtained from the Fe°’(p, 
n) threshold. The rule 3 is consistent only 
with the latter value. The observation of a 
higher energy y-ray*” also supports the latter 
value. 

Zn”, Q-. The reported weak ~1.6 MeV 8 -- 
ray®®) is certainly not due to this nucleus. 
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30 100 Hie) 120 130 I40 . 150 I6O 
Fig. 2(c). 
Fig. 2. The “best” values of S,(odd-Z, N)’s. The dots are S,(odd-Z, even-N)’s, and the crosses 
are S,(odd-Z, odd-N)’s. The marks with parentheses represent the estimated values, and the 
marks without parentheses represent the measured (unadjusted or adjusted) or calculated values. 


‘The estimated value is only ~0.5) MeV. atics. However, it is more likely that the 
Ge®*, Q:. Our systematics predicts a con- weak 2.0 MeV $+ does not exist in the 
siderably smaller value for Q-(Ge®*) than decay of Ge** and the strong 1.3 MeV §+ 
the B-decay energy systematics?). Ricci et proceeds to the low-lying states of Ga®. 
al. fitted their experimental results to a This problem is also related to Q-(Ge®). 
decay scheme with Q:=2.95+0.15 MeV in The §-decay energy systematics predicts 
accordance with the 8-decay energy system- ~0.7. MeV for Q-(Ge®*), while our system- 


Q. {@) 20 30 N 40 


Fig. 3(a). 


. 
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Fig. 3(c). 
Fig. 3. The “best” values of S,(even-Z, N)’s. The dots are S,(even-Z, even-N)’s, and the crosses 
are S,(even-Z, odd-N)’s. See also the caption of Fig. 2. 
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Fig. 4(a). 
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Fig. 4(b). . 
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Fig. 4(d). 


Fig. 4. The “best” values of S,(Z, odd-N)’s. The dots are S,(even-Z, odd-N)’s, and the crosses 
are S,(odd-Z, odd-N)’s. The numbers attached to the lines are N’s. See also the caption of 
Bisnis 


atics predicts ~0.20 MeV. The latter value and its Q--value cannot be much smaller 
is more plausible since no y-ray has been than 6.5 MeV. 
observed in the decay of Ge®® in spite of Kr74, Q:. The assignment® of the 3.1-+0.1 
the expected lowlying 0* state of Ga®. MeV 8* activity to Kr74 does not seem to 
Br”, Sn. The value obtained from the re- be correct. The estimated value for Q: is 
cent Br(y, 2) threshold measurement® is too only ~2.4 MeV. (~1.4 MeV for the maxi- 
small. This threshold may be due to the mum §* energy). 
excited states of Br*°. The mass-spectro- Rb*,Q-. The decay scheme is so complicated 
scopic data favor this interpretation. that a simple measurement of the B-rays 
Br*’, Q-. 8.0 MeV obtained by the absorption with a scintillation spectrometer will not be 
method*” is too large for this Q-value. We sufficient. Thus, it will not be unreasona- 
adopt ~6.6. MeV. It should be noted that ble to amend the original value, 3.92-+0.05 
this nucleus is a delayed-neutron emitter MeV®), to ~4.39 MeV. 
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Sr®*, Sx. The adopted value has been calculat- 
ed from Q.(Y*), Sn(Y®), and Q-(Sr%). It 
is appreciably smaller than that obtained 
from the measurements” of the Sr(d, pd) Q- 
value. The observed Q-value may, at least 
partly, be due to the isotopes other than 
Sr®*. The Sr®*(d, p) reaction has the smallest 
Q-value among the Sr(d, p) reactions. 

Y*, Me. 3.630.01 MeV obtained from the 


20 30 


Nuclear Ground-State Energies 


40 


1523 


Sr8(p, m) threshold®*) is adopted rather than 
3.44+0.02 MeV obtained from the #* ener- 
gy”. The former is definitely in better fit 
to our systematics. 


Mo*, Sx. The reported value, 8.29-+0.10 MeV, 


from the Mo*(d, p) reaction®*) is too small. 
The estimated value is ~8.8) MeV. There- 
fore, we tentatively assume that;the reported 
value is that for the first excited state of 
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Fig. 5(a). 
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240 250 A(Mass Number) 
Fig. 5(d). 
Fig. 5. The “best” values of S,(Z, even-N)’s. The dots are S,(even-Z, even-N)’s, and the crosses 


are S,(odd-Z, even-N)’s. The numbers attached to the lines are N’s. See also the caption of 
Fig. 2. 


. 


Sp 
MeV 
lor 


8 


218) 40 50 60 70 80 90" ON 


Fig. 6. Unadjusted S,(odd-Z, N)’s which have been calculated from Reference 1. See also 
the caption of Fig. 2. 


Mo* with the excitation energy of 0.78 MeV, energy y-ray (<0.05 MeV) between these 
and adopt the smallest value within the states escaped the detection. From the 
error limit. With this value there still re- modified rule 2, 5/2* is preferred to 7/2+ 
mains a fairly large violation of the rules for the ground state of Pd'!. 

1 and 2 around Mo*. This violation may Pd!!!) Q-. The S» values for the N=65 and 
be true since the first excited state of Mo® 66 nuclei do not fit well to the rule 2, either 
has an anomalously large excitation energy. modified or unmodified. Part of ‘hie devia- 


However, it is also possible that the real tion is probably real being due to the large 
value of S,(Mo%) is about 8.8 MeV and the binding energy of the si. neutron in the 


rules 1 and 2 hold better. The increase magic nucleus, Sn'*. The other part of 


of Q-(Zr%’) and the decrease of Q-(Nb™) the deviation may be reduced if Q-(Pd'") 
would also be helpful to reduce the violation is larger than adopted 


of the rules 1 and 2. Cd’, Q@:. The value in Nuclear Data Sheets” 

Pd, @:. Our systematics suggests Q:~3.2o is too large. We tentatively assume that 
MeV. Although this value is not very ac- the 1.69 MeV 8+®®) proceeds to the 0.026 
curate, it is unlikely that the 2.0 MeV Bt MeV level of Ag! instead of the 0.37 Mev 
is in coincidence with the 0.67 MeV 7 as is level, but the resulting Q: still seems to be 
stated in Reference 65. somewhat too large. 

Pd’, @:. A somewhat larger value than the Sn*,Q;. There are two contradictory results 
reported value®®), 1.76+0.05 MeV, is prefera- 1.3-0.3 MeV obtained from the paternal 
ble. Itis likely that a 7/2+ level lies slightly bremsstrahlung?” and 0.684+-0.005 MeV ob- 
above the 9/2+ isomer of Rh!*! and the low- tained from the ezx/ex ratio®. 


Since these 


1961) 


experiments are difficult, both data do not 
seem to be reliable. We adopt ~1.0) MeV, 
but this estimation is not very accurate 
because of the proton magic number. More 
experiment is desirable. 

5ni?0, 122,128, S.,’s. The Sn values of. the: tin 
isotopes measured by Cohen and Price?’ 
seem to be systematically too large. If 
their S, values are reduced by 0.1 MeV, 
they become fit to our “best” values within 
the errors of ~0.1 MeV. 

Te!®, Qee. 4.3 MeV is adopted in Nuclear 
Data Sheets”. However, a somewhat smaller 
value is preferable. We adopt 4.1 MeV, 
which is consistent with the new measure- 
ments of Q:(3.5™ Sb!!8) as 2.7 MeV by Soro- 
kin et al.2” and Kocher et al.°® but not with 
the old ones”). 

Te'!®, QM:. We adopt the decay scheme of 
Zaitseva et al.??. and Nuclear Data Sheets”. 
The decay scheme of Kocher et al.” in- 
cludes several unreasonable points and is 
in disagreement with our systematics. 

[8 Sn. The measured Q-value of the I'?"(d, p) 
reaction® is too small for the ground-state 
Q-value. It is probably due to the transition 
to the excited states of [!”*. 

Cs#*8, Q-. It was already pointed out in Nu- 
clear Data Sheets” that the reported Q- is 
too small. The only way to fit to our 
systematics is to assume that the 3.40 MeV 
B- proceeds to the 1.89 MeV level of Ba‘** 
rather than to the 1.43 MeV level. 

Ce!#2, Qa. There is a report®® of a-decay 
with a Q-value of 1.5, MeV. The Q-value 
calculated from the adopted values in Table 
I is only 1.22 MeV. It is unlikely that Ce!* 
decays at an observable rate. Therefore, 
we neglect the above report. This con- 
clusion is supported by Reference 36. 

Nd'##, Qa. The measured value is 1.89=40.02 
MeV*), and we adopt 1.9: MeV. This value 
may be still somewhat too small. The Qa’s 
of Hf'** and Pt!*® by the same authors*® 
also seem to be a little too small. However, 
the situation is not so clear that we can 
adjust them beyond the errors. 

Pm!**, Q-. We re-interpret the 3.00 MeV 8- 
as going to the 0.34 MeV level of Sm!‘*° 
rather than to the 0.78 MeV level”. 

Eu'*?, Q:. The reported value, 1.292.0.02 
MeV, is wrong. Wecan set a lower bound 
of this quantity as 1.4 MeV from Qa(Eu'), 
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Qa(Sm'*"), and the lower bound of Q:(Pm'*"). 
Eu'*, S,. The reported (7, 2) threshold value” 
seems to be too large. The excited states 
of Eu’? and Eu'** are probably responsible 
for it. In this deformed-nucleus region 
several (7, ) threshold values’ seem to be 
somewhat too large. Some of them may 

. be due to the excited-state thresholds. 

Gd'**,; Q:. The latest value*® is in better 
agreement with our systematics than the 
older ones”). 

Tb'**, Qe. Qe=3.820.05 MeV™ of 18h Tb* 
is too large for the ground-state Q-value. 
Therefore, we assume this state to be an 
excited state. 8» Tb'*4 may be the ground 
state. 

Dy'**, Qa. The long-lived activity with Qa= 
3.0 MeV") is much more likely to be due to 
the ground state of Dy'™ than the activity 
with Qa=3.44+0.05 MeV™. The pairing 
energies of the 65-th and 66-th protons in 
Dy*®° and Dy'*? are very large. The as- 
signments of the a@-activities of Dy should 
be checked once more. 

Tm!*, @:.. The highest-energy 8+-decay pro- 
ceeds to the 0.08 MeV level of Er'®* rather 
than to the 0.26 MeV level™. The recent 
measurement”) of the spin of Tm!'® as 2 
supports this interpretation. 

Ta!®2, Q-. For the Q-value of Ta'!**(7, 2) 8.1h 
Ta!®® we accept the result of Welsh and 
Donahue’ (—7.60+0.08 MeV) rather than 
that of Geller et al.” (—7.8520.026 MeV), 
and adopt —7.6s MeV. Then, S»(W?®) which 
is calculated from S,(Ta'*?) and Q-(Ta!*?)” 
seems to be too small. Therefore, we as- 
sume that the 0.514 MeV §- of Ta'*® pro- 
ceeds to the 1.290 MeV level of W** instead 
of the 1.222 MeV level. This interpretation 
is plausible from a consideration of the £8 
and 7 intensities. 

Ta's#, Q-. 2.672:0.07 MeV adopted in Nu- 
clear Data Sheets’) seems to be too small. 
The experiment is not complete enough to 


make one stick to this value. We adopt 
~3.04 MeV. 
Ir!?, Q-. Antonova et al.” reported Q.= 


1.95--0.01 MeV based on the observation of 
a low-energy 8+ group (Enax=0.24+0.01 
MeV). However, we neglect it because the 
estimated Qe is only 1.1, MeV. 

Pt!*?, Q-. Although we do not change the 
value of Potnis et al.’””, a smaller value is 
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preferable. It should be checked whether 
the 0.67 MeV ®#- is really in coincidence 
with the 0.077 MeV 7. 

Au, Q-. We adopt 1.5; MeV in agreement 
with the mass-spectroscopic data, while 
Gupta’) reported Q@:=0.9140.05 MeV from 
the ez/ex ratio. This experiment of ec/ex 
seems to be too difficult to get a reliable 
result. 

T1222, Qe. 
ex/ex ratio’ is too small. 
value is 1.42 MeV. 

Tl, Sn. 6.54+0.03 MeV obtained from the 
Tl(n, 7) reaction®» seems to be somewhat 
too small. The transitions to the excited 
states of Tl?* and Tl? are probably re- 
sponsible for it. 

Bi 19, 199,201,208, @,’s, The a-activities assigned 
to these nuclei’) have too large Q-values. 
We neglect these data. The assignments 
should be investigated once more. 

Bi**, Q-. The measured total energy release 
of the A=4n+1 natural decay chain seems to 
be somewhat too small. The new measure- 
ments of the a-energies by Vorob’ev et al.*® 
relieved this difficulty a little. We adopt 
Q-(Bi?#®)=1.4, MeV instead of 1.39-40.02 
MeV*°.*), and obtain a good fit to our sys- 
tematics. 

Ra®!, Qa. 6.830.03 MeV obtained with the 
ionization chamber®?) seems to be too small. 
We adopt 7.0: MeV. Probably most of the 
a-decays proceed to the excited states of 
Rn"!” as is seen in the a-decays of Ra2? 
navel (Cire. 

Pa**4, Q-. Although the situation around this 
nucleus is not very clear, the older value, 
2.305 MeV**), is slightly preferred to the 
recent value, 2.404+0.003 MeV*), for 
Q-(1.17™ Pa**4). We adopt 2.32 MeV for this 
quantity and 2.3) MeV for Q-(6.75 Pa2*+) as 
the ground-state Q-value. The latter value 
is not in good agreement with the reported 
value, 2.383-0.009 MeV*. The complicated 
decay schemes of 1.17™ Pa%*+ and 6.75 Pa?%4 
in References 84 and 85 do not seem to be 
established well. 

Am?46, @-. The adopted values around this 
nucleus violate the rule 3 slightly. The 
easiest way to avoid it is to assume that 
20m Am** is an excited state, but other 
ways are possible. Since the situation is 


1.11+0.02 MeV obtained from the 
Our estimated 


Fm?5, 258, Ons. 
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not clear, we tentatively assume 25™ Am? 
to be the ground state. 

The measured a-energies*® 
are too small for the ground-state transitions. 
Probably the main @’s proceed to the ex- 
cited states as is seen in the Cf**® decay. 


Mass data’:11.12.54, Our systematics is not di- 


rectly related to the mass values themselves 
but to the mass differences between adjacent 
nuclei. We can say that the difference be- 
tween the observed masses of Te'*® and 
Xe'*° is in error. However, it is not easy 
to decide which mass is in error. We can 
calculate the masses by adding the adopted 
S»’s and Sn’s. Most of the mass values thus 
obtained should be assigned enormous errors 
because many S,’s and S,’s are added. 
However, it is interesting to see how the 
“best ” mass values fit the measured ones. 
In the calculation of the “ best ” masses we 
have to designate the route of the addition 
of S»’s and Sn’s on the Z-N plane since the 
rounding-offs in the adopted S,»’s and Sn’s 
may cause some differences for different 
routes. We choose a route near the $-stable 
line and calculate the masses. The resulting 
“best ” masses may be published elsewhere. 
The agreement between the “ best ” masses 
and the measured values for the nuclei with 
A=70 is as follows. (We discuss only the 
nuclei whose masses were measured in com- 
parison with the nuclei with A<70. When 
more than one experimental mass value are 
available for a nucleus we use the precisest 
value.) For 111 nuclei the differences be- 
tween the “best” masses and the experi- 
mental values are less than three times the 
experimental errors (the errors given in the 
literatures). The differences are three to 
five times the experimental errors for 28 
nuclei. (Ge?, As’, Kr8?.83, Rb*5, Pd 102, 104, 106 
Cates ijaye 8. Wiet2e Xes Css Bases) Cems 
Nds, Gdlieeie0" Y pe: Laue) Fit? e247, 280 
Witt FOsiyeP tots rige? eerie T herciiter- 
ences are more than five times the experi- 
mental errors for 17 nuclei. (Ge, Nb®, 
eta MOS O Deveney Xe? Sm'4% aes 
Wee Re!87, Pl tre eee are. Pee, W222)s The 
largest difference is that of Nb%, and is 12 
times the experimental error. It is well 
known that the real errors of the mass- 
spectroscopic data are three or more times 
those given in the literatures. Therefore, 
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the above agreements seem to be reason- 
able. 


§5. General Discussion 


In this paper we have tried to adjust the 
experimental data so as to fit to our system- 
atics. It remains to be seen whether we have 
over-adjusted or under-adjusted the data. 

As was already mentioned in § 2 the fit of 
our systematics is not very good in some 
nuclear regions. We shall get informations 
on the nuclear structure, especially on the 
relation between the proton and neutron con- 
figurations, by investigating the reason for 
these anomalies. We do not go deep into this 
problem in this paper. Wealso omit the dis- 
cussion of the pairing energies etc. 

As the basic data for estimating unkown 
separation energies all the experimental data 
do not have an equal weight. Near the £- 
stable line on the Z-N plane we have relatively 
many experimental data, and the weight of 
each datum is small. In these regions we 
can detect the wrong data rather easily. On 
the other hand, the data are few in the regions 
far from the #-stable line, and the weight of 
each datum is large. Unfortunately, the de- 
tection of the errors in these regions is rather 
difficult. Therefore, there is a danger that 
many estimated values in these regions are 
in error because of a rather small number of 
wrong experimental data. We hope that the 
Q-values in these regions will be measured 
with great care. 

The tabulation in this paper is necessarily 
of tentative nature. We expect that it will 
be revised in case of necessity. 

The authors are greatly indebted to Mr. T. 
Yamauchi for the preparation and the con- 
tinual revision of the manuscript of the bulky 


table. 
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The angular distribution for the N'4(d, a)C! ground-state reaction was 
obtained at seven deuteron energies between 1.5 and 3.0 MeV, and the 
excitation function for this reaction at the laboratory angle of 30° was 
determined in the same energy range of deuteron. 
tion varies remarkably with deuteron energy, suggesting that the reaction 
proceeds mainly via compound nucleus formation. 
of the 30°-differential cross section and the total cross section indicate 
the presence of overlapping resonances at the excitation energy of about 
22.6 MeV in the compound nucleus, O'6. 

§1. Introduction 


Many investigations have shown that nuclear 
reactions induced by particles having energies 
of 10 to 50MeV, in which the final nuclei 
are left in low-lying states, procceed mainly 
via direct interaction processes. In particular, 
(d, p) and (d, m) reactions on light nuclei 
proceed via a stripping process even at 
deuteron energies below 10 MeV, and in some 
cases angular distributions for these reactions 
show patterns characteristic of the stripping 
process down to deuteron energies of about 


1 MeV. So it is interesting to investigate a 
(d, a) reaction at low deuteron energies and 
to compare the results, particularly the energy 
dependence of the total cross section, with 
those of the (d, p) and (d, m) reactions on 
the same nuclide in the same energy range 
of deuteron, in order to understand the reac- 
tion mechanisms of these reactions at low 
energies. 

Recently, the N'4(d,p)N*® and N'4(d, 2)O"% 
reactions leading to the ground states of the 
final nuclei have been studied in this labora- 
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tory in the energy range of deuteron from 
1.5 to 3 MeV.?. Either of the angular 
distributions of these proton and neutron 
groups has a forward peak characteristic of 
the stripping process in the whole energy 
range studied, and also has a_ remarkable 
backward peak whose intensity relative to 
the forward peak shows considerable and 
rather irregular variation with deuteron 
energy. Moreover, the angular distributions 
for the two reactions are similar to each 
other at the same deuteron energy, and the 
energy dependences of the total cross sections 
are quite similar to each other, particularly 
either of them shows a definite peak at the 
deuteron energy of about 2.75MeV. In view 
of these situations, it was attempted to study 
the N'4(d, w)C” ground-state reaction in the 
energy range of deuteron from 1.5 to 3MeV. 
This reaction has such a high Q-value of 
13.57 MeV that it is comparatively easy to 
study it with a conventional scintillation 
spectrometer even at such low bombarding 
energies. It seems interesting to see whether 
the energy dependence of the angular distribu- 
tion for the N'*(d, a)C” ground-state reaction 
has some correspondence to that for the 
N'*(d, p)N® ground-state or N?#*(d, 2)O 
ground-state reaction, and whether the ex- 
citation function of the former reaction has 
a maximum at about 2.75MeV of deuteron 
energy where either of the latter two reactions 
has a definite maximum. 

So far, the N'*(d, a@)C!2 reactions has been 
studied by several authors. Booth et al.® 
measured the differential cross sections for 
the two most energetic alpha-particle groups 
at three energies of deuteron below 1MeV. 
They carried out an analysis of the angular 
distributions in terms of Legendre polynomials 
and found that the terms of higher order 
polynomials than P;(cos #) have no appreciable 
contribution, and inferred that a direct interac- 
tion mechanism does not play any important 
role in the reaction. Gibson and Thomas?’ 
measured the angular distribution of the 
ground-state alpha particles at the deuteron 
energy of 8 MeV, and found a complex angular 
distribution. It shows a pattern characterized 
by strong forward and backward peakings 
and maxima occurring at approximately 
symmetrical angular positions about 90°, i.e., 
at about 40°, 90° and 140°. Hu®) studied the 
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angular distributions of the ground- and first- 
excited state alpha particles at three deuteron 
energies about 11MeV, and obtained the 
results which can be explained fairly well on 
the basis of a direct interaction mechanism, 
so called pick-up process. At the deuteron 
energy of 21MeV, Fischer and Fischer® 
studied the same ‘alpha-particle groups as 
studied by Hu and found the angular distribu- 
tions not inconsistent with the pick-up process. 
It is suggested from the above informations 
that the direct process plays a substantial role 
in the N**(d, w)C ground-state reaction at 
deuteron energies above 11 MeV, and the 
decrease of deuteron energy from 11 to 8 MeV 
produces a remarkable change of the angular 
distribution for this reaction, indicating the 
decrease of the contribution of the direct 
process. 


§2. Experimental Methods 


This experiment was carried out with the 
electrostatic generator at Kyusyu University. 
The deuteron beam, analyzed with a 45° 
deflecting magnet, passed through two slits 
which were 26cm distant from each other 
and entered into a scattering chamber, and 
fell on a nitrogen target mounted at the 
center of the chamber. The first slit, 80cm 
distant from the exsit of the beam-analyzing 
magnet, consisted of two electrically insulated 
tantalum plates and served to pick up error 
signals for the stabilizer of accelerating 
voltage. Its width could be changed by 
moving the plates with a screw system drived 
at the outside of the beam conducting tube, 
and in this work was set to be 1mm. The 
second slit, 30cm distant from the target, 
was made of a silver plate pierced with a 
circular opening of 4mm in diameter. The 
scattering chamber of 23cm in diameter had 
windows on its side wall at intervals of 15°, 
starting on one side at 7.5° to the beam 
direction and at 15° on the other side. Each 
window consisted of a circular opening of 3 
mm in diameter covered with a nickel foil 
of 0.05 mil in thickness. 

The nitrogen target was melamine, (CsHsNo), 
deposited by vacuum evaporation on a silver 
foil of 2mg/cm? in thickness. The thickness 
of the melamine layer was measured to be 
0.39 mg/cm? by weighing the backing foil with 
a chemical balance before and after the evapo- 
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ration of melamine onto it. This value of 
thickness corresponds to an energy loss of 
about 80 keV for 2.0-MeV deuteron. 

Charged particles produced by the deuteron 
bombardment of the target came out of the 
scattering chamber through the side windows 
and entered into a detector mounted close to 
one of the windows. Two types of detectors 
were used to detect the alpha particles from 
the N'*(d, a)C” ground-state reaction which we 
call a hereafter. The first one was a con- 
ventional scintillation counter which had 
been used in this laboratory to study (d, p) 
reactions on some light nuclei, and consisted 
of a CsI(TIl) crystal of the dimension of 
(1.5cm)?x1lmm and a DuMont 6291 photo- 
multiplier. When the detector was mounted 
on the scattering chamber, the distance 
between the crystal and the nickel foil of the 
window was about lcm. Output pulses from 
the photomultiplier were amplified and analyz- 
ed by a 20-channel pulse-height analyzer. In 
the pulse-height spectra obtained at angles 
less than about 105°, the a peak was com- 
pletely separated from the other peaks of 
charged particles, as shown in Fig. 3, there- 
fore, the detector of the first type could be 
used. At backward angles larger than about 
120°, the a peak overlapped on the peaks of 
low energy protons, and the detector of the 
second type, shown in Fig. 1, had to be used 
to discriminate alpha particles from protons. 
This detector was a counter telescope, con- 
sisting of a proportional counter that measured 
specific energy losses of passing particles, 
and a scintillation counter that determined 


Gas inlet 


Fig. 1. The schematic diagram of the counter 
telescope for alpha-particle detection. 
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the energies of incoming particles. The 
diameter of the cylindrical cathode of the 
proportional counter was 2.5cm and_ the 
center wire was a steel wire of 0.03mm in 
diameter. The particles passed through the 
proportional counter in parallel with the 
central wire and entered into a scintillation 
crystal. The sensitive length of the propor- 
tional counter was 2cm. The entrance for 
the particles is a circular opening of 6mm in 
diameter covered with 0.05-mil nickel foil. The 
counter was filled with argon mixed with 3 per 
cent of carbon dioxide at a pressure of 15cm 
Hg. The scintillation counter was a CsI(T1) 
crystal of 1mm in thickness mounted on a 
DuMont 6291 photomultiplier. The sensitive 
area of the crystal was defined by a circular 
opening of 10mm in diameter, 36mm apart 
from the entrance. Outputs from the pro- 
portional and scintillation counters were fed 
to a coincidence circuit of resolving time of 
1 microsecond after passing severally through 
an amplifier and a pulse-height discriminator. 
A 20-channel pulse-height analyzer, gated by 
the outputs from the coincidence circuit due 
to the alpha particles, determined the pulse- 
height spectrum of the alpha particles. Fig. 
2 shows a block diagram of the electronic 
circuits. The bias level of the discriminator 
following the proportional counter was set as 
follows. At a forward angle, a pulse-height 
spectrum was taken in the above mentioned 
way and was compared to that taken by 
keeping the gate of the 20-channel analyzer 
open regardless of the coincidence pulses. 
Since in the latter spectrum the a) peak was 
separated completely from the other peaks, 
the areas of the a peaks in the two spectra 
could be compared with each other after 
normalized to a fixed number of monitor 
counts. The bias level was fixed to a value 
not so high that the area of the a> peak in 
the former spectrum was smaller than that 
in the latter, and not so low that pulses due 
to low energy protons remained in the former 
spectrum. Fig. 3 shows pulse-height spectra 
taken with the counter telescope at the 
laboratory angle of 45° and at the deuteron 
energy of 2.23 MeV, one of which is a coin- 
cidence-gated spectrum and the other is a 
open gate spectrum. A scintillation counter 
similar to the detector of the first type was 
mounted on the 22.5° window and was used 
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as a monitor counter. Of the pulses from 
the monitor, only the pulses corresponding to 
the protons from the N!*(d, p)N ground-state 
reaction were selected by means of a pulse- 
height discriminator and were registered. 
When the counter telescope was used for 
alpha-particle detection, it was cared that the 
multiple scattering of alpha particles in the 
counter gas, the nickel foils on the side 
window of the scattering chamber and the 
entrance of the telescope, and the air be- 
tween these two foils, might cause some losses 
of alpha particles and distort the alpha- 
particle angular distributions. So that, the 
angular distributions of the a») group were 
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Fig. 2. The block diagram of the electronic 
circuits for the counter telescope. 
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Fig. 3. Pulse-height spectra taken with the counter 
telescope at the laboratory angle of 45° and at 
the deuteron energy of 2.23MeV. The curve 
connecting crosses is the coincidence-gated 
spectrum and the curve connecting dots is the 
open gate spectrum. 
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determined with the counter telescope in the 
angular range from 15° to 120° at the deute- 
ron energies of 1.94 and 2.47 MeV, and were 
compared to those obtained with the first type 
detector at the same deuteron energies. At 
either energy, the two angular distributions 
agreed within statistical uncertainties, when 
they were normalized to each other. It is 
seen from this fact that, when the counter 
telescope was used, the multiple scattering 
would not have any serious effect at least on 
the shape of the alpha-particle angular distri- 
bution, because the sensitive area of the 
scintillation crystal of the first type detector 
subtended a sufficiently large solid angle to 
the side window of the scattering chamber, 
and therefore, the losses of alpha particles 
attributed to the multiple scattering may be 
considered to be negligible when the measure- 
ments were done with the first type detector. 

The deuteron beam was stopped in a 
Faraday cup of 3cm in diameter and 5cm in 
depth, and the integrated beam current was 
determined with a current integrator similar 
to that designed by Higinbotham and Ran- 
kowitz?. The secondary electrons emitted 
from the cup were suppressed by the magnetic 
field produced by two pieces of Ferite attached 
to the cup. When the excitation function 
was measured, the cup was positioned as 
close to the target as possible in order to 
avoid the effect of the deuteron scattering in 
the backing material of the target, since at 
small angles this effect was expected to be 
considerable for the deuterons of energies 
below 3MeV. The distance between the 
forward edge of the cup and the center of 
the target was chosen to be 5cm, as the 
excitation function was measured at the 
laboratory angle of 30°. 

The total counts of the a) group obtained 
at different counter angles and a certain 
deuteron energy were normalized to a fixed 
number of the monitor counts to get the 
angular distribution in the laboratory system. 
The forward angular distribution determined 
with the first type detector and the backward 
distribution determined with the second type 
detector were normalized to each other at 
two or three angles where the measurements 
were done with both of the detectors. The 
excitation function at the laboratory angle of 
30° was obtained by normalizing the total 
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counts of the a) group obtained at the fixed 
counter angle of 30° and at different deuteron 
energies to a certain value of the integrated 
beam current. 


§3. Results and Discussions 


Figs. 4, 5 and 6 show the angular distribu- 
tions of the a) group at the deuteron energies 
Gierieio, 1 oO, O04, 92.00, 2:49. 27 and 3 02 
MeV. These energy values refer to the mean 
deuteron energies in the melamine target. 
Uncertainties of the experimental values shown 
in these figures are only statistical. Fig. 7 
shows the excitation function of the N'*(d, 
a)C” ground-state reaction at the laboratory 
angle of 30°, and the energy dependence of 
the total cross section for the same reaction 
derived from integration of the a -group 
angular distributions shown in Figs. 4, 5 and 6 
over the whole solid angle. Each experimental 
point in the 30°-excitation function given in 
Fig. 7 represents an average of the values 
obtained in several runs and the two points 
at the deuteron energies of 1.94 and 2.49 MeV 
were both determined as the average of five 
experimental values, from the distribution of 
which the standard deviations of the two 
points are both estimated to be 2%. 

The scales on the ordinates of these figures 
were determined on the basis of the absolute 
differential cross sections at the laboratory 
angle of 30°, which were obtained in the 
30°-excitation function measurement from the 
data of the counts of the a) group, the target 
thickness, the integrated beam current and 
the geometry of the experimental arrange- 
ment. The inaccuracy in the scale of the 
absolute differential cross section is estimated 
to be +15%, which is mainly attributed to 
the uncertainty of the target thickness. 
Kawai! determined the absolute differential 
cross section of the N'(d, p) N'* reaction in 
the energy range of deuteron from 1 to 3 
MeV, by determining the intensity ratio of 
the two proton groups, that is, the ground- 
state proton group from the N*(d, p)N*® 
reaction and the proton group from the 
Did, p)T reaction, emitted simultaneously from 
the deuteron bombardment of a mixture of 
nitrogen and deuterium gases, and by using 
the known differential cross section of the 
D(d, p)T reaction. Accordingly, it was tried 
to determine the differential cross section of 
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the N'*(d,@)C! ground-state reaction, at 
several deuteron energies, by determining the 
intensity ratio of the two particle groups, the 
a group, and the ground-state proton group 
from the N'*(d, p) N° reaction, emitted at the 
laboratory angle of 30° simultaneously from 
the deuteron bombardment of the melamine 
target, and using the differential cross section 
of the N'(d,p)N*® ground-state reaction 
obtained by Kawai. The values of the 30°- 
differential cross section obtained by the above 
mentioned method agree within 5% with those 
given in Figs. 4 to 7 at every deuteron 
energies where the measurements where the 
measurements were done. This excellent 
agreement is probably fortuitous in view of 
the experimental accuracies, it is, however, 
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Fig. 4. Angular distributions for the N'4(d, a)C2 
ground-state reaction at the deuteron energies 
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represent the series of Legendre polynomials, 
1a,Pi(cos 6), where the coefficients a, were 
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experimental angular distributions to the series 
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thought to be some evidence of reliability of 
our methods of target preparation, target- 
thickness determination and beam-current 
integration, because, in Kawai’s method of 
cross-section determination, it is unnecessary 
to know the absolute values of, the target 
thickness and the integrated beam current. 


Eq= 2.49 MeV 
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Ey= 223 MeV 
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Fig. 5. Angular distributions for the N‘4(d, a)C 
ground-state reaction at the deuteron energies 
of 2.23 and 2.49MeV. The solid curves have 
the same meaning as in Fig. 4. 


The angular distribution of the a» group 
changes considerably with deuteron energy 
and at energies above 2.7 MeV a large second 
maximum appears at about 120°, and at 3.0 
MeV the forward peak, observed at the lower 
energies, disappears suddenly and an alterna- 
tive peak appears at about 30°. This behavior 
of the anfular distribution may be understood 
qualitatively by assuming that the reaction 
proceeds mainly via compound nucleus forma- 
tion and a few excited states in the compound 
nucleus are involved in the reaction. The 
asymmetry of the angular distribution about 
90° suggests the interference effects between 
the compound states of opposite parities. The 
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reaction concerned forms the compound 
nucleus, O"*, at an excitation energy as high 
as 22 to 23MeV, but there exist some 
evidences suggesting that O'% has a relatively 
small level density even at such a high ex- 
citation energy. For instance, Penfold and 
Spicer® have reported the presence of four 
levels in O"* in the range of excitation energy 
from 22 to 23 MeV by studying the breaks in 
the yield curve of the O' (7,7) O” reaction. 
The present 30°-excitation function for the 
N* (d, a) C2 reaction also shows a resonance- 
like structure which may be indicative of the 
excited states in O' as discussed later. The 
energy dependence of the total cross section, 
obtained by integration of the angular distri- 
butions at different energies over the whole 
solid angle, is similar to that of the 30°- 
differential cross section, though the similarity 
is not so definite because of the large inter- 
vals between the adjacent experimental points. 


Table I. Coefficients, a,, obtained by the least 
square fits of the ap-angular distributions at 
different deuteron energies to the series of 
Legendre polynomials, W(1+aiPi+a2P2+-:--). 


Ea(MeV) | a | Q2 | As Om 
1.48 0.39 0.77 0.21 | = 
173 0.45 0.86 0.19 | = 
1.94 0.65 0.95 | 0.55 | = 
2.23 0.83 T77 0.81 = 
2.47 | 0.83 | 1.27 0.87 | = 
2.74 0.60 0.65 0.50 —0.62 
3.02 0.55 (08 25 sales) 0) =a eri 


The least square fits of the experimental 
angular distributions to the series of Legendre 
polynomials, :a:P: (cos 0), were carried out. 
The coefficients a: obtained in the analysis 
are given in Table I and the resulting curves 
are shown by the solid curves in Figs. 4, 5 
and 6. The angular distributions at deuteron 
energies up to 2.47 MeV can be represented 
approximately in terms of the Legendre 
polynomials up to P;(cos #). At 2.74 and 
3.02 MeV, large Ps (cos 0) terms are required 
to get the only approximate fits of the ex- 
perimental results. At 3.02 MeV, the result- 
ing curve has negative values at angles 
larger than about 160° indicating that the 
large higher order terms are also required 
to get the approximate fit of the actual 
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angular distribution over the whole angular 
range. In general, the fits obtained here 
are not so good except for the 1.48-MeV 
angular distribution, but it will be insignifi- 
cant to obtain further fits with the higher 
order Legendre polynomials in view of the 
experimental uncertainties. It is well known 
that the complexity of the angular distribution 
in angle of the outgoing particles is not 
higher than (cos @)?2 when a nuclear reaction 
proceeds via compound nucleus formation 
and only a _ restricted range of orbital 
angular momenta /<L are effective in pro- 
ducing the reaction. But, if the resonance 
level of the compound nucleus has a total 
angular momentum /, which is less than the 
maximum orbital angular momentum L, the 
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Fig. 6. Angular distributions for the N'4(d, a)C!2 
ground-state reaction at the deuteron energies 
of 2.74 and 3.02MeV. The solid curves have 
the same meaning as in Fig. 4. Angular dis- 
tributions for the same reaction at 8.0 and 10.9 
MeV, obtained by Gibson and Thomas) and 
Hus) respectively, are also shown for the sake 
of comparison. 
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complexity is not higher than (cos #0). In 
order to get some informations about the 
angular momenta involved in the reaction 
concerned, we calculated the relative penetra- 
bilities of the partial waves of incident 
deuteron into N' nucleus at two deuteron 
energies of 1.5 and 2.5 MeV, using the data 
given by Bloch et al.) and the value of 
nuclear radius of 4.8x10-!%cm. The results 
are given in Table II. Energies of the outgo- 
ing alpha particles are too high above the 
potential barrier to impose any restriction to 
the angular distribution because of the orbit- 
al angular momentum. It will be seen that 
the complexities of the experimental angular 
distributions at deuteron energies up to about 
2.7 MeV are substantially restricted by the 
maximum effective orbital angular momentum 
of incident deuteron, L, rather than the max- 
imum of the total angular momenta of the 
compound states effective in producing the 
reaction, Jmax, Since these angular distribu- 
tions are approximately represented in terms 
of the Legendre polynomials up to P,(cos @) 
and L is taken to be equal to 2 at deuteron 
energies below 2.5 MeV as seen in Table II. 


Table II. Calculated relative penetrabilities of 
the partial waves of deuteron into N' nucleus. 
The value of nuclear radius of 4.8x10-13cm 
was used in the calculations. 


| 
Ea(MeV) | ; l 7 
| i ge ee: 
ee aos 
iow) Galea | 20,00 | 8x 10-8 
Brige h MAPES HOLY, pega 0.03 
| 


| 


In other words, 2<JmaxX4 in this energy 
range of deuteron, because the maximum 
channel spin of the incident channel is equal 
to 2. The poorer fit of the angular distribu- 
tion at 2.74 MeV in terms of Pi(cos @) up to 
1=4 is probably indicative of a small contri- 
bution of the incident f wave. The require- 
ment of the terms of higher order Legendre 
polynomials than P.(cos #) at 3.02 MeV, 
however, will not be able to be understood 
merely by the increased contribution of the f 
wave or an onset of any reaction mechanism 
other than the compound nucleus formation. 
Alternatively, the abrupt change of the 
angular distribution in the energy range from 
2.5 to 3.0 MeV are thought to be due to the 
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level structure of the compound nucleus, O”. 
In view of the small total cross section at 
3.02 MeV, it seems reasonable that at this 
energy, the contribution of the compound 
states, which can be excited by the incident 
wave with orbital angular momentum VS 
largely decreases and the contribution of the 
f wave or some other direct process becomes 
comparatively important. In that case, the 
broad peak that is observed in the excitation 
functions shown in Fig. 7 may be attributed 
to the overlapping resonances due to the com- 
pound states in O', each of which has a total 
angular momentum /<4. Moreover, parities 
of these states must be even, if their total 
angular momenta are even, and must be odd 
if their total angular momenta are odd, be- 
cause the total angular momenta and parities 
of alpha particle and the C’ ground state are 
both zero and even. 
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Fig. 7. The excitation function for the N!4(d, a)C? 
ground-state reaction at the laboratory angle of 
30° and the energy dependence of the total cross 
section for the same reaction derived from inte- 
gration of the angular distributions shown in 
Figs. 4, 5 and 6. The former is shown by 
a curve connecting dots, and the latter by 
a curve connecting crosses. 


Some informations about the compound 
states contributing to the broad peak are ob- 
tained, when the 30°-excitation function for the 
N'*(d, a)C” reaction obtained in the present 
experiment is compared with the 0°-excitation 
function for the N'‘(d,2.)O" reaction deter- 
mined by Weil and Jones’. They have 
determined the absolute cross section for this 
reaction at 0° to the incident beam in the 
bombarding energy range from 0.6 to 5.3 
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MeV. The excitation function shows a strong 
resonance-like structure, and broad peaks are 
observed at the deuteron energies of about 
1.5, 2.7 and 4.2 MeV. Superposing on the 
strong gross structure, weaker anomalies are 
also found at 1.81, 2.18, 2.41 and 2.67 MeV 
in the energy range of deuteron from 1.7 to 
3.0 MeV. On the other hand, in the 30°- 
excitation function for the N** (d, ao)C’ reac- 
tion, peaks are observed at the deuteron 
energies of about 1.85, 2.2 and 2.5 MeV and 
perphaps at about 2.7 MeV, in spite of rather 
poor energy resolution of the measurement. 
These two excitation functions are shown in 
Fig. 8. The positions of the anomalies in 
both excitation functions are coincident very 
well, suggesting that these anomalies corres- 
pond to the excited states in O'*%. In the 
excitation function for the N*4 (d, m))O” reac- 
tion, anomalies are also present at 1.15, 1.52, 
1.62, 2.85 and 3.16 MeV in the energy range 
of deuteron below 3.5 MeV. 
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Fig. 8. Excitation functions for the N‘4(d, a)C2 
ground-state and N'4(d, )O' ground-state reac- 
tions at the laboratory angles of 30° and 0° to 
the incident beam direction, respectively. The 
latter is taken from reference 10. The scale of 
differential cross section refers to c.m. system 
for the former, and to laboratory system for 
the latter. 


Morita'” has measured the excitation function 
for the N'*(d,2)O" reaction in the energy 
range of deuteron from 1.0 to 2.2 MeV at 
the laboratory angles of 0°, 90° and 165° to 
the beam direction. His result at 0° agrees 
well with the result obtained by Weil and 
Jones, showing a broad peak at about 1.5 MeV 
and weak anomalies at about 1.2, 1.5, 1.6 and 
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1.8 MeV. The 90°-excitation function is rather 
flat and shows a similar trend in gross struc- 
ture to the 0°-excitation function, and a 
weak anomaly is also seen at about 1.2 MeV. 
while, the 165°-excitation function shows a 
prominent broad peak at about 1.9 MeV and 
a weak anomaly at about 1.8 MeV. It appears 
that there are some other anomalies in the 
90°- and 165°-excitation functions though they 
are not so definite because of comparatively 
low energy resolution. Energy level diagrams 
for O' in the region of excitation from 20 
to 24 MeV showing the results of the three 
experiments are shown in Fig. 9. 
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Fig. 9. Energy level diagrams for O' in the 


range of excitation energy from 20 to 24 MeV 
showing the results of several experiments. 


It is interesting to note that the broad 
peaks, seen in the excitation function at a 
certain angle of observation for the N* (d,m) 
O* reaction, do not necessarily correspond to 
the excited states in O'8 but to variation of 
the angular distribution with bombarding 
energy, and that superposing on them, there 
are relatively narrow resonances which cor- 
respond to the excited states in O'. This 
resonance-like variation of the angular distri- 
bution cannot be explained on the basis of 
the simple stripping theory, while there exists 
no positive evidence that the variation is an 
interference effect due to the level structure 
of O'%. To get further informations about 
this point, it is desired to study the N“ (d, a) 
C2 and N'*(d,p)N reactions at higher 
energy resolution in the region of bombard- 
ing energy concerned. 

In Fig. 9, an energy level diagram for O* 
showing the results obtained by Penfold and 
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Spicer® is also shown. It is seen in this 
figure that the four levels in the range of 
excitation energy from 22 to 23 MeV observ: 
ed for the O'(7,)O"% reaction agree in 
position with those observed for the other 
two reactions. Penfold and Spicer conclude 
from an analysis of the widths and integrated 
cross sections that the four levels observed 
for the O' (7, 7)O' reaction are reached by 
electric dipole absorption by comparison with 
Wilkinson's equation!”’. Therefore, these four 
states should be T=1 states, if isotopic spin 
is a good quantum number. While, isotopic 
spins of the ground state of N'* and deuteron 
are both equal to zero, so that N'*+d can 
only form T=0 states in O'. Accordingly, 
the agreement in position between the states 
in O' excited in the three reactions suggests 
that isotopic spin is not a very good quantum 
number in this region of excitation as is 
stated by Wilkinson. The agreement, 
however, may be accidental in view of the 
facts that the scale of the excitation energy 
given in reference 8 can be in error by as 
much as 300 keV at 23 MeV, and the 
measurement was not done in the range of 
excitation energy from 21.5 to 22.1 MeV in 
reference 8. In any case, it appears that 
there is no decisive reason that excludes the 
correlation between the broad resonances in 
the region of excitation energy from 22 to 23 
MeV in O' observed for the N*(d, a) C” 
ground-state reaction in this work and for the 
O1. (Gp he ee O1. (, eens O16 Ga Aa) eate) and 
N* (p, 7)!” reactions. 
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The energies and spins of lower excited levels in Nd!44 have been 
established by studies of the beta decay of Cel44—Pr!44 and the electron 
capture decay of Pm!44. The experiments include the energy and relative 
intensity measurements, and directional correlation measurements of 
gamma rays by several Nal (T1) scintillation counters. The level of Nd!44 
is populated at the 695 keV and 2190 keV from decay of Pr144, and the 
695 keV, 1310 keV, and 1780 keV from the decay of Pm!44, The levels at 
the 1220 keV and the 1560 keV which have been found by the neutron 
capture gamma ray measurements could not be found in both decay in 


the limit of about one percent. 


Introduction 


§1. 

The levels of eoNdsi!** have been studied by 
a number of investigators!) from Ce!*#—Pr'4# 
—Nd'* negatron chain decay, and the decay 
scheme has also been proposed. Moreover, 
the directional correlation of 1490 keV—695 
keV cascade has been measured also by a 
few investigators”), and these results were 
consistent with a 1-2-0 spin sequence though 
there were some disagreement on the corre- 
lation coefficients. 

On the other hand S. Ofer®’ has studied an 
electron capture decay of Pm", and reported 
three gamma rays, 695, 610 and 475 keV, and 
measured directional correlations of these 


radiations. He proposed 2+ for 695 keV level, 
4+ for 1310 keV level and 6+ for 1780 keV 
level. 

Recently, the analyses of gamma rays 
following neutron capture in Nd!4* were made 
by a few investigators®.». Although many 
levels in Nd'** were reported, there were 
serious discrepancies against each other. (see 
Fig. 6). 

The purpose of the present work is to clarify 
the previous results of the level structure of 
Nd'** by means of a coincidence spectrum 
works and directional correlation measure- 
ments of gamma rays not only on the negat- 
ron decay of Pr'#* but also on the electron 


1961) 


capture decay of Pm'*t, and furthermore, to 
search the 1220 keV 2+ level!) and the 1560 
keV (2 or 3+) level® found in the de-excitation 
of neutron capture of Nd'*s. 


§ 2. Experimental procedures 


a) Source preparations 

Ce'4# was obtained from the Oak Ridge 
National Laboratory in the form of CeCls in 
HCl solution. Pm‘ was produced by the 
bombardment of Nd:O; with 14 MeV protons 
in the 160 cm cyclotron of the Institute for 
Nuclear Study, University of Tokyo. After 
the bombardment, the activity was separated 
chemically by an ion-exchange column, and 
the source was made in the form of the PmCls 
in HCl solution. It was necessary to cool 
down for a long time since there were severel 
radioactive isotopes owing to the use of 
natural Neodymium. 


b) Coincidence studies 

Gamma-gamma coincidence measurements 
were examined with a 3 in. dia. x3 in. long, 
and a 2 in. dia.x2 in. long Nal (T1) scintilla- 
tion counters in combination with a 256 chan- 
nel pulse height analyser. A diode fast-slow 
coincidence circuit was used, and it was opera- 
ted at a resolving time (27) of 2x10-" sec. 


Coincidence 


Gate S95 


50 100 150 200 250 


Channel number 


Fig. 1. Scintillation pulse height spectra in Cel44 
using a 3 in.x3 in. Nal (T1) with 35mm dia. 
50 mm long lead slit. 

; single spectrum 

___@-——; coincidence spectrum with the 695 

keV photo-peak 
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In the decay of Pr'#4, an observed gamma- 
gamma coincidence spectrum is shown in Fig. 
1 with a single gamma ray spectrum. 

The coincidence spectra in the decay of 
Pm'** are shown in Fig. 2 also with a single 
spectrum. 
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Fig. 2. Scintillation pulse height spectra in Pm!#4 
using a 3 in.x3 in. NaI (T1) with 35 mm long 
lead slit. 

: ; single spectrum 

——@—— ; coincidence spectrum with the 
695 keV photo-peak 

; coincidence spectrum with the 
615 keV photo-peak 

*—— ; coincidence spectrum with the 

475 keV photo-peak 


c) Directional correlation measurements 

The directional correlation measurements 
were carried out using two 13 in. long Nal 
(T1) crystals and RAC 6810A photomultipliers. 
The potomultipliers were operated at high 
voltage (1500~1900 volts) and were fed to the 
diode fast-slow coincidence circuit which was 
operated at 27=9x10-® sec. The goniometer 
is driven automatically, and a camera method 
to record the data on scalers can be used and 
in addition a rotating source method was also 
employed to correct excentricity and inhomo- 
genity in source material. These electronic 
circuit block diagram and a goniometer are 
shown in Figs. 3 and 4 respectively. 
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Fig. 3. Block diagram of the gamma-gamma directional correlation arrangement. High voltage 
power supply for photomultipliers was omitted in this figure. 


The measured correlation coefficients were (1.17 and 1.33 MeV) and annihilation gamma 
corrected for a finite angle resolution. A ray from Na” as gamma ray sources. The 
method of this correction was employed as_ correction factor Jyv/Jo was calculated using a 
follows; finite angle resolutions were mea- formula given by Lawson and Frauenfelder®’. 
sured by using colimated gamma rays through 
a 3mm dia. 50 mm long and 10 mm dia. 50 mm 
long aperture. We used Cs!*’ (661 keV), Co 


counting rate 


Fig. 4. The anglar correlation apparatus. 


Table I. Energy and relative intensity of gamma 
radiations in Pr!44 and Pm144, 


Gamma rays Relative 
(keV) intensity 
: 50 100 150 
ee 695 100 channel number 
Pa 1490 30 . [aoe ; 
2190 60 Fig. 5. Scintillation pulse height spectrum in 
Cel#4 using a 5 in.x4 in. well type Nal (Abb) 
Decay of | ae iN crystal for summing measurement. The source 
Pmi44 475 46 was contained in a 10 mm dia. plastic cylindri- 


cal holder covered by a 0.5 mm thick lead plate. 
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$3. Results 


a) Gamma rays belonging to Nd!“ are tabula- 
ted in Table I. 

These results are not inconsistent with 
earlier investigations. The 520 keV gamma 
ray corresponding transition from the 1220 
keV 2* level to the 695 keV first excited level, 
and the 970 keV gamma ray corresponding 
transition from the 2190 keV level to the 1220 
keV are not detectable within the limits of 
one percent. We have tried to find the 1220 


Table II. As and Ay, obtained in directional 


keV level reported by Burmistrov et al.” 
using a summing method by a 5 in. dia. and 
4 in. long well type NaI (T1) crystal. It was 
concluded that the 1220 keV level did not 
exist. It was also concluded by using similar 
procedures that the 1560 keV did not exist in 
both decays of Pr!#t and Pm"‘ in the limit of 
a few percent. 
b) Directional correlation coefficients correc- 
ted for the finite angle resolution for each 
measurement are tabulated in Table II. 


correlation measurements in Pri44 and Pm144, 


W (0)=1+Azg-P, (cos 6)+Ay-P, (cos 8) 


Pa | A, A, 
In Pris 695 +1490 + | —0.27 £0.02 | 0.04 +£0.03 
iar aanece Co5rebiseh le | _.0-11560009a-. eam 0.0252-0,014 
In Pm | 695 +—475 + | 0.07040.020 0.054-40.043 
615 7—475 + | 0.0720.004 0.021 +0.007 
1(D) 2(Q) 0 i a | hy 
Theoretical 4(Q) 2(Q) 0 | 
values 6(Q) 4(Q) 2 0.102 | 0.009 
*6(Q) 4(—) 2(Q)0 | | 
* Intermediate radiation unobserved. 
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Fig. 6. Energy levels of Nd'##. The results of 
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Burmistrov (a) and of Campion et al, (b) obtained 


by neutron capture gamma ray analysis are also shown. 
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On the basis of above results, the level 
scheme of Nd!“ is given in Fig. 6. 


§ 4. Discussion 


Many attempts have been made to explain 
the level structure of even-even nuclei. The 
Bohr-Mottelson model” gives a fairly success- 
ful explanation in neutron regions, 90<N<114 
and 136<N. 

However, in the region of so-called inter- 
mediate nuclei this model fails to explain 
many experimental results. Nd'*‘ is also this 
case. E,/E,.=1.88 and E./E.:=2.56 for Nd‘ 
can not be interpreted even if an interaction 
of rotation and vibration is taken into account, 
where Ey; is the energy of the first spin I 
level. 

For the even-even nuclei in the region 
50<N<90, it has been usual to describe the 
energy levels as the vibrational excitation. 
The energy spectrum thus obtained has a 
uniform spacing 

Cay? 
hor=h( = 
(for quadrupole vibration) 
and a level of the energy 
E™ =(n+5/2)-hos 


may be characterized as containing ” phonons 
each of which carries a spin 2+. The first 
excited level is one phonon excited state, and 
the two phonon excited states are multiply 
degenerate, the spin of which are 0*, 2+, 4*, 
and the three phonon excited states are also 
multiply degenerate, 0+, 2+, 4+, 6+. It seems 
plausible to explain the energy spectrum of 
Nd'#4 by means of this vibrational model. 
The 0+ and the second 2+ levels are not found 
in the present experiment, probably because 
the higher levels have higher spins and will 
not decay to these levels of low spins, in the 
decay of Pm". 

If a 0+ or 2+ level exists near the 1310 keV 
4* level, log fot to this level in Pr!## > Nd‘ 
beta decay is 4.65 and the beta ray branching 
ratio is 0.5~0.1%. Then the 610 keV gamma 
ray from this level to the first 2+ level would 
be observed at 30~7% of the 695 keV gamma 
ray. Furthermore the 880keV gamma ray 
from the 2190 keV to this level also would be 
observed at ~4%. Both gamma rays were 
not observed. There is no further quantita- 
tive prediction from the vibrational model. 
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From the other point of view, B. J. Raz® 
has proposed a model which took into account 
an interaction between the nuclear core and 
two outer particles. He assumed the con- 
figuration of two particles was (7/2)? with 
I=0, 2, 4 and 6, and the two body interaction 
which gave a suitahle level scheme for Ca* 
was found to be of reasonable strength. 

We apply his method to the present case. 
According to his theory the two body interac- 
tion is given by 

Hi2=3D[3—a-02]-ho-exp (—7r?/70"). 

This calculation included energy spectra re- 
lative to the first 2+ level changing two para- 
meters D and x which is a nuclear deforma- 
tion 

x=k(5/16zjhowC)'/? 


If we choose the case of D=0.20 and x=0.4, 
we find 


E./E2:=2.0, Eo/E2=2.5, E’s/E2=3.3, 


where E’: is the energy of the second 2+ level. 
From £:=695 keV and above ratios, 


4=1390 keV, EHe=1740 keV, £’2=2300 keV, 


these values are rather in agreement with 
the present experimental values, except for 
the second 2+ level which is undetectable be- 
cause of its high energy. A small nuclear 
deformation x=0.4 is plausible for a near 
closed shell nucleus ¢o.Nds4!#. 

The levels of odd spin and odd parity are 
found for many even-even nuclei, and they 
are interpreted as an octupole vibrational 
level, and the 2190 keV 1- level might belong 
to this kind of level. 

Recently A. S. Davydov et al”. have deve- 
loped the axially asymmetric rotor model, in 
which a nucleus is classified by a parameter 
7, which determines the deviation of the shape 
of the nucleus from axial symmetry through 
an energy ratio of the second 2+ level to the 
first 2* level. Many observed energy spectra 
of even-even neclei, the region of which is 
much wider than the Bohr-Mottelson model 
could explain, could be rather satisfactorily 
explained by assuming various values of 7. 
Although the values of y varies between 0 
and z/3, the predicted value of E./E2 is larger 
than 2.6 over all ranges of yr. 

A new development! of this model has 
shown the energy ratio of 1.9 of the first 4+ 
level to the first 2+ level corresponding to 
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7=30° and #=1.0, where » is the non-adia- 
baticity parameter. Then, the energy ratio 
of the second 2+ level to the first 2+ level is 
1.8, and if we take the experimental value of 
the first 2+ state of Nd'#, the second 2+ is 
1200 keV. Similarly it is concluded that the 
first 3+ level is the 1900 keV. This is ex- 
cluded by the results of Campion et al). 
Futhermore, there is a discrepancy on 6+ level. 
According to the new Davydov model, the 
first 6+ level of the nucleus having +=30° is 
1960 keV, although our experimental result 
indicates a 6+ level at 1780 keV. 
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The magnetic susceptibilities of Cr and Cr-Fe are investigated by the 


use of the band picture for 3d electrons. 


The temperature increase of 


the magnetic susceptibility of Cr is attributed to a minimum of the elec- 
tron state density. For the shape of the band of Cr two models are 
adopted, and the calculated susceptibilities are compared with the ob- 


served ones. 


According to this comparison the shape of the band of Cr 


is discussed, and the result on its shape is compared with that calculated 
from the specific heat measurement at low temperatures by Cheng et al. 


§1. 


In the previous paper” (we refer this as (I) 
hereafter) we analyzed the susceptibilities of 
Cr and Cr-Fe alloy by making use of the 
band picture and obtained reasonable results. 
One of the difficulties of our previous calcu- 
lation is the fact that the calculated suscep- 
tibilities at lower temperatures are rather 
large and are not necessarily in agreement 
with the observed ones. Since the band 
shape of our model shown in Fig. 1 of (I) 


Introduction 
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ve) 


€min € €minE € 
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Fig. 1. Electronic state density; (a): model (2), 
(b): model (3). 


(we refer this as model (1) hereafter) would 
be rather different from that of the real band 
in the neighbourhood of the “minimum” of 
the electron state density, so we could not 
avoid the disagreement between the calculated 
values of susceptibilities and their observed 
values at lower temperatures. 


* Now at the Department of Applied Physics, 
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Recently, however, McGuire has reported 
that the susceptibility of Cr increases with 
decreasing temperature at very low tempera- 
tures (%,=3.9—4.0 x 10-§ e.m.u. g at 4.2°K)”, 
but details are not reported yet. At any rate, 
as our model (1) is not so satisfactory, in this. 
paper we attempt to calculate susceptibilities. 
for different models and to find what sort of 
model for the electron state density of Cr 
would be the best. 

As we described in (J), if the Fermi level 
at O°K is near a “real minimum” of the 
state density the temperature coefficient of 
the susceptibility is positive at lower tem- 
peratures. So we adopt the following band 
with a real minimum in the state density, 
v(€), (we refer this as model (2)). 


v(é)= {Sate awe 


for Cer \ (1) 
b+axE—Em)* , 


for Em<€ , 


where &m is the energy at which v(€) is 
minimum. This is shown in Fig. 1 (a). 
Moreover, calculations are carried out for 
the model shown in Fig. 1 (b) (we refer this 
as model (3)). The state density of this. 


model is given by 
b’ + a1" (Em—E) , 


1Oe Gem. 
é > : 2 
Homa, be Seen \ (2) 


fOmonmaor 


§2. Calculations of Paramagnetic Suscepti- 
bilities for Models (2) and (3) 


From a similar calculation to that in (I), 
we obtain for model (2) 
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Ban freo| ct tp KT EW for r>0; 
16 FF, —Py(— aes : 
1+ PPn)— Fe) eee i ae (3) 
and 


Soci ae ee 
baat =1+2[ pFi(y)+Fi( (spe) - ‘ 


From these equations the Fermi energy, &#, and the susceptibility, %, are determined as 
functions of temperature, respectively. Here, p=a2/a:, RT*=(b/a:)'”, xy =Eo/RT *=Eo(ai/b)'?, 


fos) m 
€o=(Er)r=0, 2=Er/kT, Fn) =| oe n=0,1, 2, and yw, is the Bohr magneton. 6&7 is 
0 


measured from &» to the right. Now, let the susceptibilities of a transition metal and its 
dilute alloy with another metal be % and %+4%, respectively, we obtain 


(ni tANe 3 thpri@) + Fi(—7)\ T/T es (5) 
RES AX PF o(”)—Fo(—7) \ hea 


where JAN is the increase of the number of d electrons. 

The results of our calculations for the temperature variations of the susceptibility at several 
values of y when p=10 are shown in Fig. 2. We make use of the numerical values of 
Fi:(y) and Fi(7) which have been given by Rhodes”. As we have described in §1, if & is 
at the real minimum of the state density % will increase with temperature monotonously. 
In fact, as we can see in Fig. 2, for r<1/1/ p susceptibilities increase with increasing tem- 
perature continually. It can also be seen that the increases of the susceptibilities for model 
(2) at higher temperatures are more rapid than those for model (1). This fact is due to the 
following reason. As the state density in model (2) is proportional to &?, the number of 
electrons which contribute to the susceptibility will increase with increasing temperature 
rather rapidly. So, as we can see in Eq. (4), susceptibilities for model (2) increase, being 
proportional to TJ’, at higher temperatures. On the other hand susceptibilities for model (1) 
vary as T'/? at higher temperatures. 

For model (3) equations which correspond to Eqs. (3), (4) and (5) for model (2) become 


De (apa da 1a), LOte 7 Ot 
Bole) Poko apa) =| aa 
a+[ pF: 2m) 1/2 —7)] T’* (4 8lr'P(T*/T) , fore F220 (6) 
x / / / Ie oe 
Page tPF Fa) » (7) 
and 
nee AN ee Rg Oe ( ie ie (8) 
ki * AX DF’ (9) —Fyj2""(— 9) Ef Wisshg is 
where p/=a:’/a:’, RT’*=(0'Ja’)?, 1’ =€0o/kT’*=Eo(ar'/0’)’, 
cae tage 3 Hr, GE aa) rrp) CF ply). 
Fyn=\ Sage ee Fe G@)= SPE and Fin) 


The results of the calculations for model (3) are not so different from those for model (1) 
(Fig. 3(a) in (I). . 

Neglecting the difference between densities of pure Cr and dilute alloy of Fe in Cr, and 
that between the atomic weights of Cr and Fe, we obtain 4N=1.16x10"g@x per gram, then 


1 Eps alpha) Ae T ie for model (2) (Ge) 
Ay, OS qx ' pFo(n)—Fo(—7) ae yard ae | 

L jag P* 14 Fie) + Fie’ (— (TIT =" ( ds fF ", for model (3) (8) 
ip Boma qx D Fi!) Fp’ (—2) i" 
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where x is the fraction of Fe atoms and q 
the increase of d electrons per Fe atom. 
Both equations give the relation, 1/4%ecT, at 


TO 0, 


ie} 
Ame 
a r= 9/10 
g 
«8 
6 
r=2/3 
4 
r=1/2 
r=1/M0 
2 
=O 
16) 02 
(a) 
Hp AN 
kT* AX 
ie 


ener + 


0.4 


(0) O2 06 T/T* O08 


(b) 

Fig. 2. (a) Calculated temperature-variations of 
susceptibilities in the case of model (2) for p= 
10. (b) Calculated temperature-variations of 
4x in the case of model (2) for p=10. --- is 
the asymptote for To. 


§ 3. Comparison with Experimental Results 
and Discussion 


In Fig. 3 (a) the observed values of suscep- 
tibilities for Cr are compared with the calcu- 
lated values for model (2) in the case where 
D=10; T=1/V 105 1 8.0005 Keandt p= 105 ya 
1/2, T*=4,000°K. In Fig. 3 (b) the observed 
values of 4% for the alloy of 1.05% Fe in 
Cr are compared with the calculated values 
of Ax for the same parameters with those 
mentioned above. The values of a, in Fig. 
3 (a) are determined so as to get the best 
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agreement between the calculated values and 
the observed ones for susceptibilities at the 
highest temperature, and the values of g are 
determined so as to get the best agreement 
in the intermediate region of temperature. 
When + is larger or smaller than the values. 
given above, the agreement between the 
calculated values of % and the observed ones. 
becomes unsatisfactory. Anyhow, if the 
suitable values are taken for parameters the 
calculated values for model (2) can be fitted 
with the observed ones for %. However, by 
using the same yalues of parameters with 
those for %, satisfactory agreement cannot be 
obtained between the observed values and the 
calculated ones of 4% for model (2). The 
calculation has been performed for p=30, 
but the result is not so different from that 
shown in Fig. 3. 


1000 7 (500°K 


Fig. 3. (a) Comparison between calculated sus- 
ceptibilities for model (2) and experimental ones 
for Cr. (b) Comparison between calculated sus- 
ceptibilities for model (2) and experimental ones. 
for an alloy, 1.05% Fe in Cr. (i) Calculated 
for p=10, r=1/./10, T*=8,000°K, a,k?=1.64x 
10% erg-!tg-ideg-2, 6=1.05010%4erg-1g-1 and 
q=14.0. (ii) Calculated for p=10, r=i, T*= 
4,000°K, aik?=3.81 x 1026 erg-ig-1deg-2, b=0.609 
Xx 1084 erg-!1g-1 and q=8.0 

+: Experimental results by McGuire and 
Kriessman?). 

0; Experimental results by Newmann and 
Stevens?). 


In Fig. 4 the comparison between the 
results of the observation and the calculation 
for model (3) in the cases where p=10, r= 
1/100, T*=30,000°K and p=10, r=1, T*= 
350°K is shown. The results of these cases 
are similar to those for model (1) (Fig. 6 and 
7 in (1)). This resemblance would not be 
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strange because the shapes of the bands that 
we make use of are similar to each other for 
both models. 

In the first place it has been expected that 
the calculation would agree with observation 
when model (2) is adopted, because »(&) has 
a real minimum. Really, at lower tempera- 
tures it is possible to obtain a rather good 
agreement for %, but for 4% it is quite im- 
possible. This fact is due to the rapid tem- 
perature increase of the calculated values of 
% in the higher temperature regions. Namely, 
we must use the calculated curves of X in 
Fig. 2 (a) in the region where T/T™* is rather 
small in order to get a satisfactory agreement 
between calculations and observations, but 
for such small values of 7/T* the calculated 


£ 
e) 


xgxl0%{ emu.g') 


O 500 {000 z+ |500 


(b) 
(a) Comparison between calculated sus- 
ceptibilities for model (3) and experimental ones 


Fig. 4. 


for Cr. (b) Comparison between calculated 
susceptibilities for model (3) and experimental 
ones for an alloy, 1.05% Fe in Cr. (i) Calcu- 
lated for p=10, r=1/100, T*=30,000°K, aski/2 
= 0.0660 x 1034 erg-1g-1deg-1/2, 6’ = 1.14 x 1034 
erg-1g-1 and g=10.0. (ii) Calculated for p=10, 
r=1, T*=350°K, ak1/2 = 0.0151 x 10% erg -tg-1 
deg-1/2, 6’ =0.282 x10%4erg-ig-1 and q=5.2. 
- and o are the same with those in Fig. 3. 


\/OX 


4 xlo® 


4 \x10® 
Vax 


(b) 


Fig. 5. Schematic representation of comparison 
between theoretical results and experimental 
ones, (a) for model (2) and (b) for model (3). 
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curves of 1/d4% in Fig. 2 (b) are not yet 
straight, and those curves cannot agree with 
the experimental curve which is proportional 
to T approximately. 

On the other hand for models (1) and (3) 
the calculated values of x do not increase so 
rapid as for model (2). Therefore, we can 
use the % vs. T/T * curves in the region where 
T/T* is rather large, and then 1/4% vs. T/T* 
curves become linear for such values of 7/T™*. 
In Fig. 5 this circumstance is_ illustrated 
schematically. 

As we have seen, in order to fit the calcu- 
lated values with the observed ones the tem- 
perature dependences of % at rather high 
temperature are important, and these de- 
pendences are determined by the shapes of 
the band which we adopt. The highest tem- 
perature of the observation is nearly 1,600°K. 
The calculated values of % in the neighbour- 
hood of this temperature will be determined 
by the shape of the band within the region 
of €/k~10°°K around &). From the analyses 
mentioned above it can be seen that model 
(3) for the electron state density of Cr is a 
better approximation than model (2) and that 
if v(€) is more convexed to the axis of 
energy than that in model (3) it will be more 
suitable. Moreover, since the real band must 
be closed it seems to be reasonable to con- 
sider that model (3) where the state density 
is concave downwards is better than model 
(2) where it is concave upwards. 


€/k~|O3° 


Fig. 6. Schematic representation of the energy 
band of Cr. 


Therefore the conclusion in (I) is supple- 
mented as follows. The state density of the 
band of Cr is convexed as &!/* or more within 
the region of &/k~10°°K around the Fermi 
level at O°K in the neighbourhood of a 
minimum of the state density. Therefore the 
schematic shape of the band for Cr will be 
something like the »(€) in Fig. 6. 

Recently Cheng et al®. have calculated the 
state densities of transition metals and their 
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alloys from the data of the low temperature 
specific heat. Their results are shown by the 
curve denoted by C. W. B. in Fig. 7. In the 
derivation of this curve y values are not 
diminished by 1.7x10-‘cal mole! deg~? (the 
y value for Cu), for s band would contribute 
to the susceptibility. Cheng et al. used 
y=iwk*N(E) for Cr-Fe, but we calculate 
NE) for Cr-Fe so as to fit the saturation 
values of the magnetic moment with observed 
ones”. So their calculation (Fig. 15 in re- 
ference 6) is a little different from ours. In 


Fig. 7, the state densities calculated for 
10 Blo 
es 5 
z3 8g 
5 s 
Q lo} 
56 = 
o 2 
Ba ga 
o 
Be 2 
fo) O04 -O2 
“045-02 7710 ©4702 FO, 102" 04 
e« in ev 


(a) (b) 

Fig. 7. The numbers of the electronic states per 
atom per ev: N(E). (a): model (2), (b): model 
(3), (i) and (ii) are the same with those shown 
in Figs. 3 and 4. The result by Cheng et al. 
is shown by the curve denoted by C. W. B. 
The origin of ¢ is set at the Fermi energy at 
0°K. 
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models (2) and (3) by using the values of 
parameters obtained in Figs. 3 and 4 are 
shown, too. It will be seen that model (3) 
is more consistent with the measurements of 
specific heat than model (2), and that the 
curve shown in Fig. 6 resembles to the curve 
obtained by Cheng et al. 

Finally, it is pointed out that the fact that 
the hyperfine effective field of Fe’ is not 
observed from the measurement of the Mos- 
sbauer effect of Fe*’? in Cr-Fe alloy® is con- 
sistent with the band picture of this alloy, 
because the definite magnetic moment will 
not exist on an iron atom in the band picture. 
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The character and magnitude of the exchange interaction between the 
ferric ions in K3Fe(CN)s have been investigated by, (1) observation of 
the paramagnetic resonance spectrum of coupled Fe-Fe pairs in semi- 
dilute crystals and, (2) adiabatic demagnetization of concentrated crystals. 
The results show that the exchange between magnetically similar ions 
contains an appreciable anisotropic part of the order of 0.07cm-!. No 


lines corresponding to dissimilar ion pairs were found. 


From the two 


types of experiments, it is concluded that the isotropic part of exchange 
between similar ions, Js, is about 0.25 cm~! and that the exchange between 


dissimilar ions is very small. 


§1. Introduction 

The knowledge of the interaction between 
magnetic centers is useful in understanding 
the magnetic properties of the bulk material. 
Through extensive measurements on [IrCle] 
complexes, it has been shown by the Oxford 
group that the paramagnetic resonance tech- 
nique lends a powerful tool in obtaing imfor- 
mation of this type. The method consists of 
analysing the features of the resonance lines 
due to isolated exchange coupled ion pairs 
existing in crystals diluted by isomorphous 
non-magnetic ions. In particular, when an 
anisotropic interaction is present the lines 
will show a splitting depending on the degree 
of anisotropy. The anisotropy may be either 
due to anisotropic exchange” or dipolar inter- 
action”. 

The possible existence of a relatively large 
anisotropic exchange in KsFe(CN). was first 
noted by Bleaney and Ingram®* in their inter- 
pretation of the abnormally large line width 
observed in paramagnetic resonance of con- 
centrated salts. Its existence was confirmed 
by McKim and Wolf‘) who observed a large 
anisotropy of the Weiss constant. They 
showed, however, that the line width could 
only be explained when the number of nearest 
neighbours 2 is taken to be two whereas the 
crystal structure suggests ~=6 of which four 
are dissimilar and two are similar ions. The 
Weiss constant, on the other hand, reflects 
only an average of the existing interactions 
and it is necessary to discriminate between 
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different species before correlation with some 
of the bulk properties can be made. 

The principal aim of the present work was 
to investigate the finer details of the inter- 
action by the resonance method. 

Adiabatic demagnetization experiments were 
undertaken in order to obtain knowledge on 
the possible magnetic transition caused by 
the interactions. An attempt was then made 
to correlate the results of the two types of 
experiments with each other and with the 
values of the Weiss constant. The analysis 
has led us to the conclusion that the total 
exchange interaction between dissimilar ions 
is very small and that the interaction between 
similar ion contains a large anisotropic part 
which amounts to 25% of the isotropic ex: 
change. 


§2. Crystal Structure 


There has been some controversy as to the 
structure of the isomorphous series KsM+3(CN)e 
(M=Fe, Co, Mn, Cr) since the first study 
made by Gottfried and Nagelschmidt*’. The 
foregoing authors reported a monoclinic, 
pseudo-orthorhombic (C3,) structure with Z=4 
(number of molecules per unit cell) for 
K;Fe(CN)s. Barkhatov and Zhdanoy* pointed 
out that the choice of a pseudo-orthorhombic 
unit cell is incorrect and that the true unit 
cell is monoclinic with Z=2 and B~107. More 
recent work conducted by Kohn and Townes” 
has revealed the coexistence of four types of 
unit cells (polytypism). Of the four, two, 
namely a monoclinic 1M (Ci) and orthorhom- 
bic 2Or (D3) cell, were found to predominate. 
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Table I. 
7 K3Co(CN)¢‘” | K3Fe(CN)e¢ 
207 _ | 1M | Mancclinic | Orthorhombic'®) 
=e 13.314 .04A 7.004 .02 7.04 | 13.5 
b OFS Tce 02 10.38+ .01 10.44 | 10.5 
c 8.35+.01 8-374 .02 8.4 | SAD 
B 107°19+3' 107°20’ 
Z 4 | 2 » 4 
Space Group De Cay Crh D3) 


They found that the orthorhombic cell could 
be generated by alternate stacking of the 
monoclinic cell along [100]. No polytypism in 
KsFe(CN)s has been reported but Kohn et al. 
note the possibility as an orthorhombic (D%,) 
cell has been found by Okaya and Pepinsky’®’. 
Representative cell dimensions are listed in 
Table I. We have used the values for the 
monoclinic cell in calculating the dipolar in- 
teraction. The difference between the Co 
and Fe salts is seen to be small. 

The atomic positions for the monoclinic cell 
is shown in Fig. 1. Each Co (or Fe) ion is 
surrounded by six CN groups in an approxi- 
mately octahedral configuration. The axes of 
the octahedron and the Co-CN, C-N distances 
have been determined by Barkhatov et al. 
and more recently by Curry and Runciman’) 
who studied K;Co(CN). by neutron diffraction 
methods. Fig. 2 shows the arrangement of 


4-fold axis of octahedron 
2 Co in (000); (033) 
2 Ki in (003); (030) 
2 Ke in +(ayz, 2, 4—y, $+2) 
with «=3, y=t, z=4 
Open circles indicate Co ions 
Fig. 1. The unit cell for KsCo(CN).. 


atoms in a projection on a plane normal to 
the c-axis together with the Co-C, C-N dis- 
tances derived by Curry et al. The arrange- 
ment is expected to be similar for the ferric 
salt. 


C-N=LI5A 


Co-CN=189A , 


Fig. 2. Arrangement of atoms for K3;Co(CN), in a 
projection on a plane normal to the c-axis. 


$3. Properties of the Fe** ion in KsFe(CN). 


It is well known that the ground configur- 
ation of the Fe** ion in the [Fe(CN).]-? com- 
plex is (d&)* with S=1/2, in contrast with 
(dé)*(dy)?, S=5/2 observed in ionic salts. 
This has been attributed to strong covalency 
and/or to a cubic crystalline field strong 
enough to destroy the Russel-Saunders coupl- 
ing. The ground level in a cubic field is 
thus six-fold degenerate, an orbital triplet 
with two-fold spin degeneracy. Spin-orbit 
coupling splits this into a quadruplet and a 
spin doublet, the doublet lying lowest. Fields 
of lower symmetry also give similar contri- 
butions. In particular they split the excited 
quadruplet into two doublets. The energy 
levels have been studied by Howard’, Kotani!” 
and Kamimura”). The conclusion relevant 
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to our study is that the ground doublet lies 
some several hundred cm below the excited 
doublets and hence will be the only level 
populated at low temperatures. Stevens"), in 
his theory of [XY] type complexes, gave a 
general derivation of the energy eigenvalues 
for octahedral symmetry and, in particular, 
showed that the ground doublet can be ex- 
pressed conveniently by a suitable linear 
combination of d orbitals. This expression 
has been extended to the case of rhombic 
symmetry by Bleaney and O’Brien"). 
The expression they give is as follows: 


|+>=[sin rla’>a+cos 7|b+’>] 

x cos @+sin 6|b_-8 
|—>=—[sin r|a’>B—cos 7|b-a] 

x cos 8+sin 6|b. a 


(1) 


Here |a>)~|xy> and |bs>~¥Fi/V 2 {|xz>xtilyz>} 
where |xy>, |yz>, xz> denote the angular part 
of the d€ wave functions. a and 8 are the 
spin wave function. Due to the presence of 
orbital degeneracy under octahedral symmetry 
and the action of the spin-orbit interaction, 
these states contain both orientations of the 
real spin. The states denoted by |+> and 
|—> correspond to a doublet which can be 
expressd by an “effective spin” s=1/2. We 
shall use small and capital letters for the 
effective and real spins, respectively. Opera- 
ting with in these states with the magnetic 
moment operator (L+2S) yields the g-factors 
in terms of the effective spin. The g-factors 
observed in diluted salts by Baker et al.'” 
ae.) ey 210) 22—O915. Iwo mag- 
netically similar but differently oriented ions 
are observed. The symmetry of each ion is 
orthorhombic. The z-axis coincides with the 
c-axis for both ions and the x, y axes lie in 
the ab plane. This implies that the octa- 
hedron shown in Fig. 2 is rotated by 45° 
about the tetragonal axis for the ferric ion. 
The x-axes for the two ions make angles of 
-++-30°, respectively, with the a-axis. The two 
ions are thus identical along the a, 5 and c- 
axes. 

Bleaney et al.'*) found that the observed 
g-factors could not be fitted by the parameters 
y and @ alone and that it was necessary to 
introduce an additional parameter f and re- 
place L by PL. The values for the parameters 
which give the experimental g-factors are; 
cot 7=1.006, tan 6=—0.028, k=0.87s. The 
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factor k was introduced by Stevens" in order 
to account for the departure of the magnetic 
electrons from a pure d-state due to charge 
transfer between the p-electrons of the 
ligands. The magnitude of k indicates the 
presence of large covalency between the Fe 
ion and the CN group. This together with 
the fact that the CN molecular orbitals of 
adjacent octahedrons may overlap to a certain 
degree (Fig. 2) suggests the possibility of 
superexchange interaction existing between 
neighbouring Fe*+ ions. The relative position 
of the octahedrons implies that this interaction 
will be different for similar and dissimilar 
neighbours. The effect of incomplete quench- 
ing of the orbital angular moment on super- 
exchange will be discussed briefly in § 6. 


$4. Paramagnetic Resonance 

1) The Spin Hamiltonian. It has been 
shown by Baker and Bleaney’® that the fea- 
tures of the paramagnetic resonance spectrum 
of two identical ions coupled by anisotropic 
exchange can be expressed by, 


SH = g8H-(s+s’)+s-Ks 23) 
Here Kij=/J+Ji; where J and Ji; (1, 7=x, y, 2) 
denote the isotropic and anisotropic parts of 
the exchange, respectively. In our case s is 
the effective spin with s=1/2. Eq. (2) can 
then be written in terms of the total spin 
T=s-+s' as follows, 


2 ‘i £2 = Py 
H = 98H T+ A rr+y =| 


7 Jule! +5 JoTy +5 Jal? ( 3) 


where T=0 or 1. The energy levels for H 
parallel to z are given by; 
T=1 (triplet) 
E» i 1 
at et pane: 
jl ik 2771/2 
+| (eH +o{ uo} | 


ili 5d (4) 
E; = igh 5 J 
T=0 (singlet) 
E.= -#] 


It is seen that the triplet which is seperated 
from the singlet by J is split by the amniso- 
tropic component. The allowed transitions 
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(Tz=1) take place between Fi, E2 (Tz=+1) 
and Es (Tz=0) of the triplet. The use of.the 
isolated ion g-factor for the coupled pair will 
be discussed in connection with the experi- 
mental results. 

2) Experimental Procedure. The spin- 
lattice relaxation time of Fe®+ in KsFe(CN). 
is very short and resonance can only be ob- 
served at low temperatures®). Measurements 
were all made at liquid helium temperatures 
using a wavelength of 3.2cm. Description 
of the apparatus has been given elsewhere!”’. 

Single crystals of the concentrated salt and 
salts diluted by KsCo(CN)s with various con- 
centrations of Fe*+ ranging from about 1% 
to 10% were grown from a saturated aqueous 
solution. Crystals which were clear and 
showed no macroscopic twinning were used. 
Measurements on concentrated salts gave line 
widths similar in magnitude (~0.1cm~) to 
those obtained by Bleaney et al.® at liquid 
hydrogen temperatures thus confirming their 
conclusion that the width is not due to spin- 
lattice relaxation. A brief description of the 
results on semi-dilute crystal has already been 
given!®). We shall present here the details 
of the results and the method of analysis. 

3) Features of the spectrum. An example 
of the spectrum along the a and b-axes for a 


a-axis 


Relative Intensity 


pti 


Relative Intensity 


L | | 
II Single ID ( 
Ion 
eee ie i 
2.0 25 3.0 3.5 
Magnetic Field (KQe) 


Fig. 3. Spectrum with the magnetic field parallel 
to the a and b-axes, 5Yo WHewseia- 8 10% Fe 
The intensities have not been normalized. 
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-5% and -10% Fe*+ sample is given in Fig. 3. 
The spectrum for the c-axis is shifted to much 
higher fields. It is seen that besides the line 
of strong intensity corresponding to the iso- 
lated ion, several satellites appear. The 
magnitude and the axis of the g-factor for 
the isolated ion is in good agreement with 
the results obtained by Baker et al. for more 
dilute salts. The line width for all the lines 
is about 40G for the spectrum in the ab-plane 
and 160G for the c-axis. The large line 
width for the c-axis has made the resolution 
and determination of the positions of the lines 
relatively poor for this direction. 

The intensity of the satellite lines was 
about one tenth of the isolated ion line. This 
is just about what one would expect from 
coupled pairs if one assumes that the Fe** 
ions are randomly situated. However this 
does not mean that the satellites are all due 
to pairs. The problem is thus to pick out 
those lines due to coupled pairs and then to 
see which of the two possible types of pairs 
(similar and dissimilar ion pairs) they arise 
from. Because of the smallness of the iso- 
tropic part, the temperature dependence of the 
intensity could not be used in the assignment 
of the lines. This fact also prevented determi- 
nation of the isotropic part by the resonance 
method. Actually no change was observed be- 


lee igen esr if 
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Fig. 4. Angular variation in the be-plane. Dotted 
lines have been drawn through experimental 
points. Solid line for —x— is the single ion 
line. Solid line for I and II calculated with | Dy| 
=0.041 cm-!, |Hy|/=0.016; |Dy|=0.054, | Ett] = 
0.016. 
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tween 4.2 and 1.6°K. The criterion we used 
was to note that the pair lines should be dis- 
placed symmetrically about the isolated ion 
line and that they must have an angular de- 
pendence of the dipolar type as can be seen 
from Eq. 3. It was observed that only the sets 
of lines marked I and II in Fig. 4 conformed 
to the properties of a coupled pair. For more 
concentrated salts I and II could not be dis- 
tinguished. 

The origin of the lines outside of sets I 
and II is not clear at present. They do not 
appear to arise from coupled pairs. They 
also do not seem conform to the anisotropy 
demanded by Eq. 1. However as they appear 
reproducibly from salt to salt, we shall briefly 
summarize their general feature. The lowest 
field line for the a-axis splits into three com- 
ponents when rotated in the ab-plane. They 
merge together again at the b-axis at a much 
lower field with reduced intensity. The an- 
isotropy in the ab-plane is just the opposite 
of that of the isolated ion line except for the 
for the third component. The intensity of 
the highest field line is reduced when rotated 
from the b-axis and is barely observable for 
the a-axis. Thus the intensities of the lowest 
and highest field lines are interchanged in 
going over from the a to the b-axis. The 
weighted mean of all the lines gives g.~2.3, 
2.2.2. This is in accord with the measure- 
ments of the concentrated salt. However 
Baker et al. have observed that g, differs ap- 
preciably when the direction of the r/f-field, 
hry, is changed from hry//c-axis to hryLe. 
For the former case, 9,=2.21 and for the 
‘latter, go=2.39. In connection with this 
anomalous behaviour, it is interesting to note 
that the intensity of the lowest field line is 
observed to be reduced when /hr;//c (Fig. 4 
shows the spectrum with h,y1c). No change 
was observed for the high field line. This 
would correspond to a shift to low g-values 
in the concentrated salt. The lowest field 
line may also account for the anomalous be- 
haviour of the susceptibility %, namely the 
interchange of the rhombic anisotropy from 
La >X» to X%>xX. when the sample is cooled 
below 100°K if it is assumed that the line is 
associated with a low temperature pase. The 
occurence of such a phase is inferred from 
the reported anomaly of %. and %'* and the 
specific heat?” at 130°K. The nature and 
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origin of such a phase is, however, difficult 
to understand. Further studies of the anoma- 
lous lines are necessary before definite con- 
clusions can be made. 

4) Analysis of sets I and II. From obser- 
vation of the angular variation of the split- 
tings, the ‘axes for both sets I and II were 
determined to lie along the crystal a, b and 
c-axes. The symmetry is rhombic and the 
principal axis z is along the c-axis as can be 
seen from the behavior in the bc-plane (Fig. 5). 
The dipolar type of angular variation is noted. 
The angular variation in the ab-plane is com- 
plicated because the two ions in the unit cell 
are now magnetically different. However 
the sets I and II can be followed and their 
variation indicates that both sets arise from 
a coupled pair of similar ions. From the 
splitting along the crystal axes, the aniso- 
tropic exchange parameters may be deduced 
using Eq. 4. The values obtained are listed 


in Table Il. The solid line in Fig. 5 was 
Table II. 
Set | 1 (axis) a b c 
Jil* —0.028cm-1} —0.020 | +0.055 
Tei d=d | -+0.010 | —0.004; 0.000 
dee —0.038 | —0.016 | +0.055 
Par 0037 —0.029 | +0.072 
I | dd | +0.010 —0.004 | 0.000 
| Ji | —0.047 —0.025 | +0.072 
_— 
Average of J; | 
iamibe (Adiiacia eae —0.021 | +0.064 
J; from Weiss | 
const.**** —0.044 —0.024 | +0.067 
with n=2 


* J’ denotes the observed splitting. 

** Dipolar interaction for similar ion pairs with 
fields along respective axes. 

Anisotropic exchange interaction. Correction 
and sign assignments given by methods per- 
sented in text. 

Due to McKim and Wolf). 


HRA 


RK 


calculated from the formula for the variation 
of the splitting 4 in a plane which includes. 
the principal axis, namely: 

4= Dp? cos? 6—1)—3E(q’? sin? @) (5) 
Here |D|=3/4|Je’|, 3)E|=3/4|Ja’ —Jv’'|, b=8e/2, 
q=2./g g is the component of the g-tensor in 
the direction of the field making an angle @ 
with the c-axis. Higherorder terms have 
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been neglected. 

The apparent splitting includes contributions 
from the dipolar interaction which amounts 
to about 20% of the observed values and thus 
cannot be neglected. The contribution de- 
pends on the angle between the line connect- 
ing the ions and the direction of the applied 
field and the magnetic moment induced in 
that direction. The former serves to dis- 
tinguish between the two possible types of 
ion pairs and the latter, because of the an- 
isotropic g-factor, to determine the sign of Je. 
‘The interdependence of the sign of ji and 
the dipolar interaction is depicted fn Fig. 5. 


gy BH+ fii 


gi BH+-y Wvil+d 
di -flil-2d 
-gi BH +i -gi BH+yluiltd 
a: iil A= 3 lil+6d 


Fig. 5. Effect of dipolar interaction. 


1 (1 —3 cos? 6) 
d=— 5 ae 


4=splitting 


It is seen that for /i>0 a positive dipolar 
interaction will increase the splitting due to 
anisotropic exchange whereas for /i<0, the 
splitting will be reduced. Because of the 
difference in the magnetic moment induced 
for different axes, the condition that the sum 
of the anisotropic component Ja+jJo+J-=0 
will be unbalanced. This is evidenced in the 
fact that the apparent splittings cannot be 
made to add to zero. The dipolar interaction 
was calculated using the observed g-factors, 
cell dimensions and the atomic positions. 
The contribution for similar ion pairs are 
listed in Table II. As the sign of fi is not 
determined experimentally, both signs were 
assumed. It turned out that for Jao<0, 
Ja+jJv=Je was fulfilled well after correction 
(Table 2). For Ju,.>0a10% difference arises 
between J.+jJ, and Jc. When dissimilar ion 
pairs are assumed, a 10% difference arises 
regardless of the sign of Ja». As this is 
outside the experiment error, it is concluded 
that I and II are due to similar ion pairs, in 
accord with the variation in the ab-plane, and 
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that Je>0. 

It is not obvious whether one should use 
the cell dimensions for the ferric or the 
cobaltic salt in calculating the dipolar inter- 
action. The difference however is small and 
amounts to only a few percent in the correted 
values. In this connection, it is noted that 
lines of I and II are’ not located exactly sym- 
metrically about the isolated ion line. The 
asymmetry is small amounting to only about 
0.8%. It is, however, systematic in that the 
asymmetry for the a- and b-axes are opposite. 
(The c-axis could not be determined with 
certainty.) As Judd*” has shown that the 
difference in the g-factor of a pair and a 
single ion depends on the non-orthogonality 
of overlapping orbitals and is negligible, this 
implies that the rhombic axes for the Fe 
pairs are rotated by a few degrees in the ab- 
plane relative to those of the isolated ion. 
Correction to the absolute value of g is, how- 
ever, within experimental error and the use 
of the single ion values is justified. 

The existence of two sets of values for 
similar ion pairs was unexpected. This may 
be due to the fact that the interaction con- 
stants for the two predominant polytypes ob- 
served in the cobalt salt is different. Definite 
evidence of the effect of polytypism on re- 
sonance as has been established for the case 
of Cr3+ is, however, lacking for Fe?+* and 
further studies are necessary to clarify this 
situation. It is interesting to note that the 
average of the two sets agrees very well with 
the values derived from the Weiss constant 
in both magnitude and sign when the number 
of nearest neighbours ” is taken to be two 
(Table 2). Although an agreement to this 
extent may only be accidental because of the 
possible difference between the interactions 
existing in concentrated and dilute salts, it 
gives evidence in favour of the conclusions 
reached because if one or both of the sets 
were due to dissimilar ion pairs where n=4, 
the discrepancy would be much too large. 
The fact that lines attributable to dissimilar 
ion pairs were not observed may be due to 
either the smallness of the exchange or the 


* 


Note added in proof. We have recently made 
experiments on a sample where resonance which 
can be associated with ions in a monoclinic cell 
was clearly observed. The z-axis was found to be 
inclined 4° from the c-axis. 
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exchange being isotropic. The results of the 
magnetic specific heat by McKim et al. infer 
that the former is most probably the case. 
The problem of isotropic exchange will be 
discussed in connection with the results of the 
adiabatic demagnetization experiments. 


$5. Adiabatic Demagnetization 


The spin Hamiltonian (Eq. 2) yields the 
following expression for the Weiss constant @. 
_9,— Sst) 


ge EEK 


Here 7; denotes the number of nearest neigh- 
bours of type j. A total of the isotropic 
exchange may by derived by noting that the 
anisotropic part must add to zero and that 
n=2 and 4 for similar and dissimilar ion 
neighbours, respectively. The values observed 
by McKim et al. yield 2/J2+Js=0.28; cm7! 
where Ja and /; denote the isotropic exchange 
constant for dissimilar and similar pairs, re- 
spectively. Jz and /s cannot be distinguished 
unless an independent relation between the 
two quantities is obtained. It was with the 
hope that the possible magnetic transition 
temperature might provide this relation, 
although approximate, that demagnetization 
experiments were undertaken. It turned out, 
however, that the actual situation is com- 
plicated and only a rough estimate could be 
made. The other purpose was to probe into 
the nature of the transition created by ex- 
change with a known large anisotropic part. 

1) Experimental procedure. Undiluted 
K;:Fe(CN). single crystals of the size necessary 
for demagnetization experiments (~2 gr) were 
difficult to grow free of macroscopic twinning. 
Therefore the samples used were twinned to 
some degree although clear crystals showing 
least twinning were chosen. As twinning 
occurs on the a-plane and the magnetic axes 
coincide with the crystal axes, no essential 
change in magnetic properties is expected 
unless the spin deviates from the crystal axes 
when ordered. Of the six samples used, one 
showed a high transition temperature. Out- 
side of this effect no appreciable difference in 
the properties measured was observed. 

Three different types of measurements were 
carried out; the determination of the 1) 
entropy-susceptibility, 2) susceptibility-tem- 
perature and 3) entropy-temperature relations. 
The description of the adiabatic cell is given 
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in Fig. 6. For the first type of measurement, 
a sample (~1.5gr) ground to an ellipsoidal 
shape was placed on a pedestal made out of 
thin walled glass (Fig. 7a). For the second 
and third measurements, a glass support de- 
scribed in Fig. 7b was used. A flat surface 
of about 2-3cm? was ground on the sample 
with fine emery paper and attached to both 
sides of a copper plate 0.15mm thick using 
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«Fig. 6. Adiabatic cell (a) and sample-thermometer 
support, (b). 
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Fig. 7. Entropy versus susceptibility. 
for X_ has been expanded. 
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a n-propyl! alcohol-glycerol mixture as a binder. 
The sample was then bounded tightly by 
cotton thread. The system was connected to 
a similar plate 9cm above via a copper strip. 
To this a single crystal of cerium magnesium 
nitrate was bounded by similar means. This 
was used as the thermometer for temperature 
determinations. Preliminary measurements 
using a ferric alum sample proved this type 
of arrangement to give sufficiently good heat 
transfer rates at temperatures about ~0.1°K. 
At the lowest temperature reached in the 
actual experiment (~0.2°K), the cerium salt 
and sample came into thermal equilibrium in 
about one to two minutes. The extraneous 
heat input into the sample was about 50-80 
ergs/min. Separate measurements made with 
varying vacuum conditions, degree of radia- 
tion shielding, types of support and cell indi- 
cate that most of this is due to mechanical 
vibration. 

The susceptibility was measured using a 
mutual inductance Hartsohn “ridge circuit. 
A. C. of 160 cps was used for measurements 
(1). For (2) and (3), D. C. was used and null 
detection made by a ballistic galvanometer. 
Isothermal magnetization was carried out at 
1.1°K. A 40KW electromagnet provided a 
field of up to 24KOe in a 63mm gap. The 
sample was always magnetized along the a or 
b-axis. The cerium salt was oriented so that 
the hexagonal axis, where g is very small, 
was parallel to the applied field. This was 
to prevent the possible magnetization of the 
cerium salt in a fringing field. The dewar 
and vacuum system is conventional and will 
not be described.* 

The result for the entropy-susceptibility 
measurement is shown in Fig. 7. The fea- 
tures to be noted are the sharp rise in the 
susceptibility along the a-axis, %,, and the 
fact that about 85% of the total spin entropy 
is lost before the susceptibility indicates an 
anomaly. Thus a peak in the susceptibility 
was only barely observable after demagnetiz- 
ing from the highest field. This was unfortu- 
nate because it barred detailed measurements 
to be made below the anomaly. Fig. 8 shows 
an example of the field dependence of x, for 
two entropy values corresponding, respectively, 
to a point just below the anomaly and a point 


* The major portion of the demagnetization ap- 
paratus was constructed by Mr. A. Otsubo. 
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at which %, starts to rise rapidly. For the 
higher entropy value the behaviour is para- 
magnetic whepeas for the lower value, a re- 
latively small field (~10 Oe) produces a sharp 
decrease down to just about the value one 
would expect from the Curie-Weiss curve. 
The inference of the sharp rise and field de- 
pendence of %z is that a small ferromagnetic 
component is present along the a-axis. 
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Fig. 8. Field dependence of adiabatic susceptibility 
along the a-axis. 


The susceptibility-temperature relation was 
determined by alternately measuring the 
sample and cerium salt susceptibilities during 
warm up after demagnetizing from various 
fields. As the heat transfer rate exceeded that 
of the extraneous heat leak for the lower tem- 
peratures, thermal equilibrium was assured. 
However for temperatures above ~0.5°K, an 
increased warming up rate caused departures 
from equilibrium which was reflected in a 
scatter of the data for the higher temperature 
region. Reproducibility was good for the 
lower temperatures. The increased warming 
up rate is probably due to gaseous conduction 
of the residual gas as prolonged pumping of 
the cell reduced the rate appreciably. The 
high temperature region is, however, not of 
particular interest because the results around 
~0.4°K fall on an extension of the Curie- 
Weiss curve within experimental error which 
we estimate to be ~10%. Thus further efforts 
such as the use of guard salts were not made. 

Six different samples were measured. Ex- 
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cept for one sample which reproducibly 
showed deviation towards higher temperatures, 
the results for different samples agreed with 
each other within 15%. The results for %q 
near the region of maximum susceptibility 
showed an appreciable scatter, however, due 
partly to the fact that the susceptibility 
changes very rapidly in a narrow temperature 
range. However the temperature for the 
anomaly did not not differ. A representative 
curve is shown in Fig. 9. An annoying fact 
is that a definite maximum in the suscepti- 
bility was not observed in contrast to the 
entropy-susceptibility measurements. The 
reason for this is not clear but may be due 
to the presence of the thermometer salt. 
The shape of the sample was also not quite 
spherical. The other features, i.e. the sharp 
rise in %,, a broad flat region for %, were, 
however, common for both types of experi- 
ments. It is seen that the anomaly takes 
place near 0.2°K. 

The entropy-temperature relation was ‘ob- 
tained by measuring the temperature after 
demagnetizing from different magnetic fields. 
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Fig. 9. Susceptibility versus Temperature. 
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Measurements were taken for about 3 to 4 
minutes after thermal equilibrium had been 
attained. No change in the susceptibility of 
the cerium salt was noted during this interval. 
Due to reasons mentioned previously, the cell 
was pumped for about 1.5hrs before demag- 
netization in determining temperatures above 
~0.5°K. The results are shown in Fig. 10. 


(°K) 


Temperature 


Fig. 10. Entropy versus Temperature. —o— 
Sampl #4; —e— Sample #6 
Solid line: Linear Ising chain with J,=0, 
Ke=0.35 ems! 
Broken line: Molecular field approximation 


with Ja=0, Js=0.29 cm-!, Jy;=Table 2. 


It is seen that a rapid reduction of entropy 
takes place at about the same temperature of 
the magnetic anomaly. This temperature re- 
produced within 5% for a single sample and 
showed about a 20% scatter for five different 
samples. The error in the absolute value of 
temperature is estimated to be about 20%. 
Averaging the values obtained for different 
samples, we locate the “ transition ” tempera- 
ture at 0.2--0.04°K. The nature of this 
“transition ” will be discussed below. 

2) Discussion of the results. If the inter- 
actions J; and Ja differ from each other, it is 
expected that initial ordering of the spins 
will progress through the larger of the two. 
Now it has been observed by McKim et al.” 
that the magnetic specific heat can only be 
fitted with the Weiss constant when the 
number of nearest neighbours is taken to be 
two. This, together with the fact that re- 
sonance attributable to dissimilar ions was 
unobserved, gives evidence that Ja is small. 
On the other hand, the magnitude of aniso- 


tropic exchange infers that /s=0.lcm"™'. 
Thus it is reasonable to assume that ordering 
will first take place within mutually inde- 
pendent linear chains of similar ions along 
the a-axis. The fact that the bulk of the 
total entropy is lost before an ‘anomaly is 
observed supplies further evidence for this to 
be the case as it is well known that a linear 
chain can possess only short range order at 
finite temperatures. The sign of the Weiss 
constant and the anisotropic part of the ex- 
change indicate that the spins will be aligned 
antiparallel to each other along the c-axis 
perpendicular to the chain. A second order 
transition, if any, will be created by the inter- 
chain interaction, namely Ja. Unfortunately 
there are no reliable theories which express 
the behaviour near the transition point for 
such a complicated situation. Onsager’ has 
treated a similar case for the two dimensional 
anisotropic Ising net but extension to three 
dimensions has not been made. Our assump- 
tion demands, however, that the bulk of the 
entropy curve reflects the properties of a linear 
chain. Thus we have neglected Jz and have 
calculated the entropy of an Ising chain in 
order to see to what extent our assumption 
holds. The Ising approximation should give a 
good description as Je>Ja, J, and Js~0.1cm~. 
The entropy is readily derived from the ex- 
pression of the free energy” and is, 


S=R{in (2 cosh L)—L tanh L} 


where L=J/kT. This has been calculated 
taking J=J;+Je. The value of 2/Ja+/Js pre- 
viously determined gives /;=0.29cm7! for 
Ja=0. For jc, the average value (Table 2) 
was used. The results are shown as a solid 
line in Fig. 10. As the spins are not quite 
free at the temperature at which the entropy 
is determined (1.1°K), the experimental points 
have been corrected neglecting the cross 
term between the Zeeman and _ interaction 
energies. The reduction from the free spin 
value amounts to 3% at 1.1°K. There is 
some ambiguity in this correction because 
different values of Js; and Ja and different 
approximations lead to different corrections. 
However as the temperature is high, extreme 
cases differ by only ~1% and is within experi- 
mental error. 

It is seen that the Ising chain expresses 
the observed values well down to S/R<0.25. 
For comparison, a curve calculated by the 
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molecular field approximation using the same 
Js but including j/, and j» is also shown. 
The deviation is appreciable at higher entropy 
values which is expected as the molecular 
field approximation does not account for short 
range order. Although it may not be per- 
missible to apply two dimensional calculations 
to our case, Onsager’s rectangular net results 
indicate a deviation from the linear chain 
specific heat curve slightly below its maximum 
for a ratio of intra to interchain exchange as 
small as 10%. The specific heat maximum 
of our Ising chain corresponds to 0.22°K. 
Thus the deviation of the experimental points 
from the Ising curve at low entropy values 
is most probably caused by a smal! but finite 
Ja. Its magnitude, together with the location 
of a possible Néel temperature, however, 
cannot be estimated with certainty. The pre- 
sence of a Néel temperature 7 is indicated 
in the magnetic measurements which also 
show that Tw cannot be too far below 0.2°K. 
The best we can say at present is that, 


Je0.25'em-", Ja~0.01 cm“ 


The presence of two sets of constants for 
the anisotropic part may introduce some 
complication but we believe that this will not 
alter the estimated value of Js very much. 
As for the susceptibility, the relatively 
broad region of %, may be due to short range 
order. Not much can be said about %. be- 
cause of the relatively poor accuracy due to 
its smallness. However it follows the Curie- 
Weiss curve down to~7y. The anomalous 
behavior of %. is possibly connected with the 
presence of a small ferromagnetic moment 
along the a-axis indicated in the field de- 
pendence measurements. The fact that the 
anomaly is restricted to the a-axis can be 
understood if it is assumed that the ferro- 
magnetic component is due to spins aligned 
not quite antiparallel to each other in a direc- 
tion resulting in an incomplete compensation 
of the magnetic moment along the a-axis. 
Moriya**’ has shown that a sharp increase in 
the susceptibility near Tw along the direction 
of the uncompensated moment may be ex- 
pected. Just how this uncompensation, if 
any, can occur for our case is not clear. It 
is noted, however, that polytypism may give 
rise to this effect if it is assumed that the 
principal axis of anisotropic exchange deviates 
from the c-axis in the ac-plane which can be 
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expected for the monoclinic structure. The 
resonance results, however, indicate that the 
deviation must be smaller than the error 
determined by the residual line width. The 
spins of dissimilar ions will now align not 
quite parallel (or antiparallel) to each other 
in the ordered state due to the strong action 
of the crystalline field. It can be seen that 
this spin structure will give rise to an un- 
compensated moment along the a-axis at the 
boundaries of the polytypes. A larger mo- 
ment is expected when the dissimilar spins 
align (almost) antiparallel because then the 
boundaries parallel to the a-plane (the twinning 
plane) contribute. Although the resonance 
results indicate at least two types of unit 
cells, further studies are necessary before any 
conclusions can be made and the discussed 
model remains only a possibility. The sharp 
rise, however, would be difficult to understand 
if the crystal structure is homogeneous. 


$6. Discussions 


Although the isotropic part cannot be de- 
termined precisely, it is seen that the exchange 
interaction between similar ions contains an 
appreciable anisotropic part. Judd?!) has 
shown in a general way using group theoreti- 
cal methods how a wave function of the form 
Eq. 1 may lead to anisotropic exchange. 
Some of the consequences of his theory may 
be seen by observing the form of the product 
determinantal states for two ions constructed 
from Eq. 1, namely, 


O(++) 
— wre +>1(1)| +2(2) —| +>1(2)| +>2(1)} 
(7) 


and similar expressions for @(+—), B(—+) 
and @(——). Here the subscript refers to the 
ion and the bracketed number, the electron. 
The explicit expression will not be given but 
it can readily be seen that various types of 
exchange integrals corresponding to different 
combination of orbitals will occur when oper- 
ated on by an interaction operator. Not all 
of these integrals participate in the interaction 
and some physical reasoning is necessary in 
order to pick out the predominant ones per- 
taining to the actual arrangement of the ions. 
Actually the interaction takes place via the 
CN groups. Thus the orbitals used in the 
product states should be understood as hybrid- 
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ized orbitals containing pz orbitals of the 
cyanide group with the same symmetry pro- 
perties as |a@> or |bz>. The arrangement of 
the orbitals for a similar ion pair is illustrated 
in Fig. 11. As the magnetic z-axis of the 
ferric ion coincides with the c-axis, the octa- 
hedron observed in the cobatic salt (Fig. 2) 
has been rotated 45° about the tetragonal 
axis. The p orbital drawn in Fig. 12 has 
the same symmetry properties as |a>. The 
relative positions indicate that this orbital 
will have the largest overlap. Thus the pre- 
dominant exchange integral will be of the 
combination, 


A =<a(ar(2)|\ exch. |ai(2)a2(1)> 
Correspondence with the effective spin ex- 
change constant determined by experiment 
can be made by operating with the real spin 
operator 4SiS; on the product states (Eq. 7). 


Fig. 11. Arrangement of the orbitals in the ab- 
plane. The p-orbitals shown have the same 
symmetry as |a>. The octahedron of Fig. 2 has 
been rotated by 45° about the 4-fold axis. The 
dashed circle is the p-orbitals which combine 
with |+0>. 


Neglecting other combinations of orbitals, it 
can be seen that 1/4,-7=/Js. In other words, 
the predominant exchange integral pertaining 
to real spins gives rise to only isotropic ex- 
change in the effective spin formalism. The 
factor 1/4 arises from the value of the co- 
efficient sin? 7=1/2 as determined by Bleaney 
and O’Brien. The anisotropic part arises 
from a combination of the integrals of the 
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|bi(2)a2(1)> 
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\bo(2)| Fexch |a1(2)b2(1)> and <as(1) 


They cannot be determined uniquely from 
experiment and the most we can say is that 
they are of the order of 0.01cm™'!. Integrals 
involving only |b.> type orbitals. are expected 
to give negligible contribution. The magni- 
tude of the predominant exchange between 
the p-orbitals of the CN group can also be 
estimated using the form of hybridized orbital 
given by Stevens'®, namely, 


la=Nila>+ala’)) 


where |a’> refers to the d-orbital and |a’> 
the p-orbital with the same symmetry. WJ is 
the normalizing constant. NA can be deter- 
mined from the relation kR=1—2A?N*.  In- 
serting the value of k determined by Bleaney 
et al., we get N?2?=0.0625. Thus, 


Kai’ (Mae (2) | Fexch 1a’ (2)a2(1)’>~100 cm. 


The poor symmetry (Fig. 11) does not allow 
us to go further and relate this with the 
properties of the cyanogen molecule as has 
been done by Griffths et al.') for the chlorine 


molecule. 


As for the dissimilar ion pair, the predomi- 
nant interaction is expected to take place via 
|b4> orbitals in contrast to the similar ion 
case as can be inferred from Figs. 2 and 11. 
The distance between the CN groups is some: 


what (~10%) larger. 


Although a larger dis- 


tance suggests a smaller interaction, it cannot 
be said that this leads, by comparing with 
the similar ion value, to the order of magni- 
tude estimated from experiment because the 
arrangement of the orbitals is slightly different 


for the two 


have been 


Cases. 
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Theory of Seebeck Effect in Plastically Deformed 
Semiconductors 
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The effects of the reduction of free electron density due to the dislocation- 
acceptors and the scattering due to the space charge around the dislocation 
on the thermoelectric power of n-type materials are theoretically investi- 
gated in the temperature covering from impurity- to transition-range and 
compared with the experimental data for near intrinsic n-Ge in only the 


transition range of temperature. 


In the intrinsic range of temperature 


the scattering effect due to the lattice deformation around the dislocation 
is discussed and compared also with the experimental data. 


Introduction 


Rl 


Recently many studies!’ have been actively 
done about the effects of edge dislocation in 
semiconductors on the electrical conductivity, 
the Hall effect, and the recombination rate. 
The experimental data are explained by the 
assumption”) that edge dislocations in n-type 
materials act as rows of closely spaced ac- 
ceptor centers and a dislocation accepts elec- 
trons to become a line of negative charge 
surrounded by the cylindrical layer of posi- 
tive space charge. 

On the other hand it is well known that 
thermoelectric power informs directly the 
value of Fermi energy in the crystal and 
when the crystal is composed of p- and n-type 
materials, the contributions to the thermoelec- 
tric power from each materials are obtained 
by rather simple analysis. According to this 
account the study of thermoelectric power in 
the deformed semiconductors is believed to 
be very useful in confirming the dislocation- 
acceptor model, whether or not the space 
charge cylinder is of p-type, and the scatter- 
ing mechanism due to the dislocation for both 
electrons and holes. 

Pearson®) performed preliminary measure- 
ments for the effect along the discussion 
similar to Ohta‘) a few years ago but no 
conclusive results were obtained. This seems 
to be attributed to the low resistivity of the 
used sample. Yamashita and Ohta® have 
measured the effect in near intrinsic n-Ge as 
well as in p-Ge in the transition range of 
temperature. In this paper not only the 
general theory of the effect in the different 
temperature ranges is studied but also the 


foundation of the conversion of near intrinsic 
n-type materials to p-type by the cold-worked 
deformation is discussed comparing with the 
experimental data. 


§2. Thermoelectric Power and Fermi Energy 


According to the usual method of Boltzmann 
transport equation, the general expression for 
thermoelectric power of crystals is written as 

Q=—-(AeT)Fe/h—-(A/h) 
x {Bi(e)/m?-€+ Bilh)mi2-(4+0)}] , 
(2.1) 
where —€ is the Fermi energy, me and mx 
are the effective masses of electron and hole 
respectively, 4 is the gap energy between 
the bottom of c-band and the top of v-band, 
é is the magnitude of electron charge, and 7 
is absolute temperature. The notations which 
denote integrations are 


Ay By fe), Buh) (2.2) 
Je Me Mn* 
Bye)= \" 7° leOfe/O9) dy , 33) 
J0 
Bih)= |b WIWOfrlOn) da’, (2.4) 
0 


where 7» and 7’ (=7+4) are the energies, /. 
and J, are the mean free paths, f. and f, are 
the unperturbed distribution functions of elec- 
trons and holes respectively. 

Let us give a brief review of the charged 
dislocation model in order to obtain the Fermi 
energy in Eq. (2.1). The energy diagram 
around a charged dislocation is shown in Fig. 
1, where 0 and da show the dislocation- 
acceptor level and chemical donor level re- 
spectively. 
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The positive space charge in the cylindrical 
volume is zR2(N»—WN4), where R is the radius 
of cylinder, N» and Na are the chemical 
donor and acceptor densities. The density of 
accepted electrons at a dislocation is fn(T)/S, 
where S is the inter dangling bonds spacing 
and fp(T) is a fraction of dislocation-acceptors 
that varelmcullaeat ina. 7eCrmaSminainyveras 
Naisifo(T)/S (=mna) electrons are accepted at 
Naisi dislocations. As there is no electron in 
the cylinder the free electron density in the 
crystal with the dislocation density WNais! is 
reduced to (1—&)m-, where €=zR?Nais) and 
nm. is the value in the absence of dislocations. 


Fig. 1. Space charge potential around a charged 
dislocation. 


The electrical neutrality of the crystal needs 
(1—&)me=nn+No—(nitna) , (2.5) 
where m, is the free hole density and is not 
influenced at low temperature, while it in- 
creases by the contribution excited from the 
dislocation-acceptors in the transition range 
of temperature, N, and ; are the densities 
of chemical donors which reserve electrons 
at 0°K and the electrons at impurity levels 
respectively. Assuming Boltzmann distribu- 
tion for free carriers and Fermi distribution 
for the electrons at the impurities® and dis- 
location-acceptors, 7.é., 
fo(T)=fo(0)/[1+exp {-( + O)/(RT)}], (2.6) 
we obtain the explicit formula for Fermi 
energy from Eq. (2.5). 
In the impurity range of temperature where 
0’>0da>kT, the Fermi energy is given by 


C=RT In [(No’ — No) /(2 Ae) 
+{((Wo’ — No) /(2Ac))? 
+Np exp (—da/(RT))/Ac}] , (2.7) 


and in the transition range of temperature 
where 4>0’>kT> da, it is given by 


C=kT In[N,’/(2Ae) 
+{(M1//(2Ac))?+.An exp (—4/(RT))/ Ae 
+Naisi fo(0) exp (—d’/(kT))/(AeS)}'7] . 
(2.8) 
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In Eqs. (2.7) and (2.8) we put 


Ae) _(1-€)| _22xmernkT)*” (2.9) 
ir 4 ai eet | 
No’ =N, —Naisifv(0)/S , \ (2.10) 
Nv’ =N)’ — Naisif n(0)/S . 


Scattering Effects in Different Temper- 
ature Ranges 


§ 3. 


Assuming the random distribution of the 
sectional centers of the cylinders of which 
directions along the length are parallel to each 
other, we study the scattering effects of the 
electrons moving on the vertical plane to the 
dislocation line. 

In the impurity range of temperature the 
electron mean free path due to phonon-scat- 
tering is comparable to the cylinder radius, 
so that the additivity of the reciprocal mean 
paths is held in so far as inter cylindrical 
spacing is larger than the mean free path. 
Then we have 

le tle ire Tile Oe (3.1) 
where /;, /;, and J]; are the mean free paths 
due to phonon-, impurity-, and cylinder-scat- 
tering respectively. The /- is given by /-= 
(3/8)/(RNais! ). 

Putting Eq. (3.1) into Eqs. (2.1) and (2.3), 
we obtain 

Q=(k/e ERT) 
—{(2-# + 9(x))/1—x*f(x))}] (3.2) 
with 

g(x) =Ci(x) sin x—Si(x) cos «+42 cos x , \ 

(x) = —Ci(x) cos x—Si(x) sin x +32 sin x , 


(3.2) 
where 
x=[(1/(2«?)) No —&)zet 
x In {1+(3«ekT/(e?(No(1 —&))*/4))2}]1/2 
K(RT lit +1e)} , (3.4) 


« being the dielectric constant, is the ratio 
of electron mobility by impurity-scattering to 
that by both the cylinder- and phonon-scatter- 
ing, and the expression for /; given by Con- 
well and Weisskopf? is used. It is noticed 
that the density of ionized impurity-scatterers 
is reduced to Nyv(1—&). Eq. (2.7) is used in 
the Fermi term in Eq. (3.2). 

As is well known the phonon drag effect 
is overwhelming in this temperature range 
and it is necessary to study the interaction 
effect between the dislocation and the effect. 
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Phonon drag effect is in general sensitive to 
the electron density in the valleys, while the 
lattice deformation around the dislocation 
would change the density in the different 
valleys and an anisotropy is expected in the 
thermoelectric power, but in the impurity 
range of temperature the cylinder covers al- 
most all of the lattice deformation region so 
that negligible effects appear. At just below 
the room temperature there must be an ap- 
preciable effect. Drabble®) has also pointed 
out the effect. In p-type materials the effect 
is very complicated and is not studied in this 
paper. 

In the transition range of temperature the 
effect of charged dislocation on the thermo- 
electric power is studied on the basis of the 
following three points of view: (1). The 
radius of the cylinder decreases but the elec- 
tron mean free path due to phonon-scattering 
becomes far less than the radius (a typical 
ratio is of order 10-*), so that the conducting 
electron follows curved path that wind around 
the cylinders. Such distorsion of the electron 
stream line reduces effectively the apparent 
mobility “.*, which is related with the free 
mobility we by «*=ge(&)ue where g(&) isa 
factor exhibiting the winding effect”. The 
hole mobility s,* is, however, subject to 
slight effect and the approximation “.*=/, 
is held. (2). There is no electron in the 
cylinder but intrinsic holes and excited holes 
from the dislocation-acceptors can exist. Then 
the cylinder becomes effective p-type materials 
having no electron even at high temperature. 
(3). In near intrinsic n-type materials, it is 
possible that the majority carrier is converted 
in the presence of high density of the dis- 
location-acceptors. 

The combined thermoelectric power (Q) of 
the mother material (Qo) and the cylinder 
(Qe) is given by 


Q={(1—8)(14+ K)Qo+EQc}/{1+—-€)K} , 


(3.5) 
with 
Qo=(k/e{ —2\K—1)/(K+1) 
+OMRT)+4/(RT(K+1))} , (3.6) 
Qe=(k/ek2+(4+O)((RT)} , Cou’) 


where K is the ratio of electron to hole con- 
ductivity and is given by 


K=(1—&) g(€)puene](unmn) . (3.8) 
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Eq. (2.8) is used in the Fermi term in Eqs. 
(3.6) and (3.7). 

In the intrinsic range of temperature or in 
p-type materials the dislocations put off the 
space charge and the lattice deformation 
around it scatters carriers. With use of the 
expression of the mobility given by Dexter 
and Seitz®), the effect is adequately taken into 
account in the expression of the thermoelec- 
tric power. It is given by 


Q=—(Rle){ (Mel tn—1) [He] n+ 1) 4/(2RT ) 
+(2—3/ x a/4ta?—---) 
lA W/7 @/2+a?—---)] 


m*\2 (1—2y\2 
( 2 ) (ares ) } 
(3.10) 
where the scattering-effect due to the ionized 
impurity is neglected because the effect is 
less than that due to the naked dislocation 
in the intrinsic range of temperature unless 
the density is very high. Evaluating @ for 
electrons in Ge, so that the coupling constant 
E=10eV, the magnitude of Burger’s vector 
4=4A, Poisson ratio »=0.4, the mean free 
path due to phonon-scattering /,=50A, m*= 
0.6m, and’ 7=400°K, we find @=0.1 for 
UN Grey 3 leo OM Chita: 


(3.9) 
with 
_ 3a EA Naisi 
32 ARTY 


§4. Comparison with Experiments and Dis- 
cussions 


Comparing with the experimental data for 
n-Ge given by Yamashita and Ohta®’, we dis- 
cuss the present theory. The measured values 
for m-Ge whose room temperature resistivity 
is 46 2-cm are shown in the transition range 
of temperature in Fig. 2. The marks x, ©, 
and A are referred to the sample as grown, 
the first sample as bent, and the second 
sample as bent respectively. The first and 
the second have the radii of curvature of 1.8 
cm and 8.0cm respectively, the both are an- 
nealed after bending in order to remove the 
annealable point defects which are introduced 
during the bending. Curve A is plotted with 
use of Eqs. (3.6) and (2.8) putting fo=0 and 
the assumed values, 4=(0.785—4.5x 10-‘7) eV, 
me=0.6m, mn=0.3m. Curve B is so plotted 
as it is most fit to the experimental values 
putting the values 6’=0.2eV, S=3.5A, Naisi = 
1L.6><10' Cme?s = 10-4 cm), and. €=0.5.. into 
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Eqs. (3.5)~(3.8) and (2.8), then it becomes 
that fn(0) ~ 0.2, while the value due to Read” 
is about 0.1, and K#+0.2 at about 300°K. 
The K-value may be interpreted as follows: 
The dislocation-acceptor density is 4.710" 
cm-*, while the chemical donor density is 
3.6x10!8cm-* and hole density increases by 
the excitation from the acceptors so that the 
ratio of electron to hole density becomes about 
1/2 because the electron density is reduced 
to below 1x10!%cm- by the trapping at the 
acceptors. Then the value g(€)~0.4 at €= 
0.5 is obtained by Eq. (3.8). The temperature 
dependencies of / », are calculated after Morin 
and Maita!®. 


1O000r- 
hss 


800}- 


600; 


eal 


~600}- 

iz 
-800- 

Fig. 2. Experimental data and the theoretical 


curves for T. E. P. of the deformed 46 2-cm n- 
Ge. 


The discrepancy between curve B and the 
experimental values at above 100°C is attri- 
buted to the scattering effect by the naked 
dislocations. With use of Eq. (3.9) and the 
proper values of the parameters, the dis- 
crepancy will disappear. It is noticed that 
the effect is appreciable only in the tempera- 
ture range where thermoelectric power is 
nearly independent of temperature (the curve 
is nearly parallel to T-axis) and decreases as 
temperature exceeds over the range. The 
effect is also observed in p-Ge®). Curve C is 
plotted in the similar way to curve B assum- 
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ing €=0.1. In this case both the combination- 
and the winding-effects are small, while the 
reduction of electrons and the increase of 
holes play the essential role. The effect from 
the naked dislocations is also very small. 

The prominent differences of the -p con- 
versions between by the deformation and by 
the thermal one are: (1). In the former 
case the sign of thermoelectric power changes 
at higher temperature than in the latter case. 
(2). In the former case the absolute value 
of thermoelectric power becomes fairly small. 

More detailed discussions about the experi- 
mental values of various samples will be de- 
scribed in the forthcoming paper’’. 


Acknowledgement 


The author would like to express his cordial 
thanks to Prof. Y. Uemura (Tokyo Univ.) for 
his very useful suggestions and valuable dis- 
cussions. Thanks are also due to Prof. K. 
Tomita (Univ. of Kyoto) for his detailed dis- 
cussions, to Dr. T. Yamashita (Defense Acade- 
my) for his valuable discussions about the 
analysis of the experimental data, and to Dr. 
J. R. Drabble (Res. Lab. of G.E. Corps.) for 
his helpful comments about the effect of the 
strain. 


References 


1) G. L. Pearson, W. T. Read and F. J. Morin: 
Phys. Rev. 93 (1954) 666. R. A. Logan, G. 
L. Pearson and D. A. Kleiman: J. Appl. Phys. 
30 (1959) 885. W. Bardsley: Progress in 
Semiconductors 4 (Heywood, London) 1960, pp. 
157. This reference contains references to 
other relevant works. 

2) W.T. Read: Phil. Mag. 45 (1954) 775, 1119; 
46 (1955) 197. 

3) G. L. Peason: Private communication. 

4) T. Ohta: J. Phys. Soc. Japan 15 (1960) 197. 

5) T. Yamashita and T. Ohta: This issue. The 
outline was read at the Spring Meeting of the 
Phys. Soc. of Japan at Osaka Univ., Apr., 
1961. 

6) See for example, W. Shockley: Electrons and 
Holes in Semiconductors (Nostrand, New York) 
1950. 

7) E. Conwell and V. F. Weisskopf: 
69 (1946) 258. 

8) J. R. Drabble: Private communication. 

9) D. L. Dexter and F. Seitz: Phys. Rev. 86 

(1952) 964, 

F. J. Morin and J. P. Maita: 

(1954) 42, 


Phys. Rev. 


Phys. Rev. 94 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN Vol. 16, No. 8, AuGusT, 1961 


Measurement of Seebeck Effect in Plastically Bent Germanium 


By Tadayoshi YAMASHITA and Tokio OHTA 


Department of Physics, Defense Academy, Yokosuka 
(Received May 4, 1961) 


The changes of the thermoelectric powers and the electrical resistivities 
of several kinds of n-Ge and p-Ge due to plastic bending are measured in 
the temperature covering the transition- and intrinsic-ranges and analyzed 


by the theory. 


The value of the dislocation-acceptor level is estimated 


to be about 0.2eV. The n-Ge sample near intrinsic is converted to p-type 
by the bending, while n-Ge with low resistivity and p-type samples show 


the slight effect. 


The difference of n-p conversion due to the deforma- 


tion from the thermal conversion is discussed. 


$1. Introduction 


The study of thermoelectric power in n- 
type semiconductors under plastic deformation 
is very useful to confirm the charged disloca- 
tion model”. [In the transition range of 
temperature it provides reliable information 
of the following three effects: (1). Scattering- 
effect. The carriers are scattered by the 
space charge cylinder around a dislocation 
whose radius is far larger than their mean 
free path, while they are scattered by the 
lattice deformation when it has no charge. 
(2). Combination-effect. The observable ther- 
moelectric power is the combined one of the 


n-type mother material with the p-type 
cylinder. (3) Conversion-effect of the majority 
carrier. In the n-type materials near intrin- 


sic, the type of majority carrier is converted 
by introducing the high density of the disloca- 
tion-acceptors. Ohta’ has formulated all these 
effects and given Eq. (1.1) for the measurable 
thermoelectric power Q: 


Q={(1—e)(1+ K)QoteQce}/1+—-2)K}, (1.1) 
with 
Qo=(k/e){ —2(K —1)/K +1) 


+€/(RT)+4/(kT(K+1))} , em) 
Qe=(R/el2+(4+O)/(RT)} , (1.3) 
K=(1—2)g(e)Meme/(Hnnn) (1.4) 


where Q) and Q- are the thermoelectric 
powers of the mother material and the cylin- 
der respectively, ¢ is the ratio of the volume 
of all cylinders to that of the bulk crystal, 
—€ is the Fermi energy, e is the magnitude 
of electron charge, 4 is the gap energy be- 
tween c- and v-band, and g(e) exhibits the 
scattering-effect of electron due to the space 
charge cylinder. The reduction of free elec- 


tron density and the increase of hole density 
are expressed in Eq. (1.4), where m, mw. and 
ju, are the free electron density, the electron 
and hole mobilities in the absence of disloca- 
tions respectively. mm, is the free hole density 
in the presence of dislocations. 

In the present paper the thermoelectric 
powers and the resistivities of several kinds 
of Ge are measured and analyzed from the 
transition to the intrinsic range of tempera- 
ture. 

The values of the dislocation-acceptor level 
is estimated by the measured values of the 
conductivities. The value of K is discussed. 
The scattering-effects due to the naked dislo- 
cation for n-Ge and p-Ge are also studied in 
the intrinsic range of temperature. 

§2. Samples and Measurements 

Three kinds of antimony-doped (T, E, and 
O in our sign) and one kind of indium-doped 
(Y in our sign) germanium-single crystals 
were cut in wafers of the size of 25x6x3 
mm’. The crystal axes were so chosen that 
the parallel array of pure edge dislocations 
are introduced, the inter dangling bonds spac- 
ing being about 3.5A, by bending round the 
[112] -axis as shown in Fig. 1. 

On the surface of the wafer two caves with 


diameter of about 1.5mm were grounded 


Fig. 1. Bent Ge-wafer and the crystal axes. 
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whose distance was about 1.0cm. After 
polishing with 1200-mesh emery powder the 
wafers were etched in CP4 soaking in con- 
centrated HNOs, rinsing in deionized water, 
soaking in aqueous KCN solution, and again 
rinsing in deionized water. When the wafer 
was bent, the edges were put on graphite 
electrodes and heated to 600~650°C by pass- 
ing a current through it in the atmosphere 
of argon gas and bent by pressing it with use 
of a graphite block having two knife edges. 
Two thermocouples composed of No. 36 chro- 
mel-alumel wires were attached to each cave 
with use of platinum foil to give good elec- 
trical and thermal contact. 
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The sample was placed inside an apparatus 
with a graphite contact on one end and 
another graphite contact with a heater at the 
other end and inserted holizontally in an elec- 
tric furnance. The temperature difference 
between the caves was kept to 1.0°C during 
the measurement. Both the Seebeck voltages 
and the resistivities’ before and after bending 
were measured at the temperature range be- 
tween 25°C and 300°C by means of a K-type 
potentiometer with the attentions pointed out 
by Middleton and Scanlon”. 

In order to study the effect of annealable 
point defects introduced during the bending 
the values as bent and annealed after bending 


Table I. 
as grown as bent annealed 
S ] ee oe ee Pac, : a 2 2 ee 
cx tap room temp. impurity radius of annealed 
resistivity density curvature hours and temp. 
TNO, 2 0.23 2.cm 7.1x1015/c.c 1.2cm 20h, 500°C 
ENO. 2 46 3.6 1018 1.8 18 650 
ENO. 3 y y 8.0 18 500. 
ONO. 6 25 6.6 1018 LS 18 500 
ONO. 7 y y OR 18 500. 
YNO. 1 18 2.0 1014 RS. 5 973 
Table II. 
INO Le ENO. 2 ENO. 3 ONO. 6 | ONO. 7 YNOV TI 
Rem (NESORO 3 Todi lOss ft UO 7.4x10-5 7.4x10-5 a=: 
Naisi/em? Pes WSEANOYE 1.610? S62 aL 08 I CechOd 6.5106 Qeelexg OY 
€ 3x10-3 0.5 0.1 Oa3 0.1 a 
9.4x1018 | | 1.910" ee 


Naa/C.c. 6.2 1014 4.71014 


were measured. In the Table I the kinds of 
samples, the radii of curvature, and the an- 
nealing data are listed. 


§ 3. 


The values of radius R of the space charge 
cylinder, the dislocation density Nais:, the ratio 
e of all the cylinders to mother bulk volume, 
and the dislocation-acceptor density ma. are 
estimated, assuming that the inter dangling 
bonds spacing S is 3.54 and the fraction of 
dislocation-acceptor density that are full to 
is 4.5x10-* at 300°K, and listed in the Table 
ik 

The resistivity for TNO. 2 at about 300°K 


Results and Analyses 


4.71014 


increases about ten times as large as the as 
grown by the deformation, while the change 
of thermoelectric power is very small. 

The measured values of resistivities for E- 
kind samples are shown in Fig. 2. For ENO. 
2 bent heavily the resistivity is reduced ap- 
preciably at high temperature and it becomes 
p-type, while for ENO. 3 bent slightly the 
resistivity is reduced a little and it also be- 
comes p-type. The n-f conversion corre- 
sponds to the effect described in §1. Curve 
C in Fig. 2 shows that the annealable point 
defects introduced during the bending act as 
effective acceptor-centers because the material 
shows stronger p-type, the situation is in 
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accordance with the fact hitherto known®’. 
The measured values and the analytical 
curves for E-kind samples are plotted in Fig. 
3. The curves are drawn with use of the 
following semi-empirical method. Estimating 
Me, fe and ym after Morin and Maita*’, the 
Fermi-term in Eqs. (1.2) and (1.3) are given 
by 
(4+ €)/(RT)=11.784+ In(1+K )—In o—0.83 In T , 
Gs) 
where o (Q.-cm)-! is measured conductivity and 
4 is assumed to be 4=(0.785—4.5x10-!-T) eV. 
Curve A in Fig. 3 is plotted after Eqs. (1.2), 
(3.1) and Fig. 1. Curve B in Fig. 3 is plotted 
after Eqs. (1.1)~(1.4), into which e-value 
shown inthe Table II is substituted, and Eq. 


0.05 


0,02 


0,01 


L6 2.0 2.4 28 3.2 3.6 


I1/T x 10° 
Fig. 2. Temperature dependency of resistivity 
for E-kind samples. Curve A is referred to the 
as grown, curve B; to ENO. 2 annealed after 
bending, curve C; to ENO. 3 as bent, and curve 
D; to ENO. 3 annealed after bending. 


* Effective masses me=0.6m and my,=9.3m are 
assumed. 
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(3.1). In this case there is no fits unless the 
value K+0.2 at about 300°K is given. Using 
€ given by Eq. (3.1) with K=0.2, we evaluate 


the carrier density and obtain m,/ne~2. This 
shows that g(e)+0.4 at e=0.5. 
The scattering-effect due to the naked 
800 Se 
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Fig. 3. Thermoelectric powers for E-kind sam- 


ples. Curve A is referred to the as grown, 
curve B; to ENO. 2 annealed after bending, 
curve C; to ENO. 3 as bent, and curve D; to 
ENO. 3 annealed after bending. 
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dislocations is observed at above 100°C and 
the curve B above 100°C in Fig. 3 is drawn 
after Eq. (1.2) where the factor 2 is replaced 
by (2—a@)/(1—E) with €~0, e=0, and 0.5 ¢a¢ 
1, the dotted curve ramified is for the case 
neglected the effect. . 
Comparing the experimental value of € 
given by Eq. (3.1) with theoretical equation", 
we obtain the value of about 0.2eV for the 
dislocation-acceptor level. Almost the same 
value is also obtained in the case of ONO. 6. 
Curve C in Fig. 3 empirically drawn for 
ENO. 3 shows that the annealable defects act 
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Fig. 4. Temperature dependency of resistivities 
for O- and Y-kind samples. Curve A is referred 
to O-kind as grown, curve B; to ONO. 6 as 
bent, curve C; to ONO. 6 annealed after bend- 
ing, curve D; to ONO. 7 as bent, curve E; to 
ONO. 7 annealed after bending, curve F; to 
Y-kind as grown and as bent. 
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Fig. 5. Thermoelectric powers for O- and Y-kind 
samples. Curve A is referred to O-kind as 
grown, curve B; to ONO. 6 as bent, curve C; 
to ONO. 6 annealed after bending, curve IDS 1x0) 
ONO. 7 as bent, curve E; to ONO. 7 annealed 
after bending, curve F; to Y-kind as grown, and 
curve G; to Y-kind as bent. 
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as effective acceptors whose density is so 
high that an appreciable scattering-effect is 
observed. 

Curve D in Fig. 3 is plotted after the simi- 
lar manner to that of the curve B in Fig. 3. 
In this case both the combination- and scat- 
tering-effects are small, while the reduction 
of free electrons and the increase of holes 
play essential role. 

The measured values of resistivities for O- 
and Y-kind samples are shown in Fig. 4. The 
effects of charged dislocations are to increase 
the resistivities in contrast with E-kind case. 
The change of the values as well as the tem- 
perature dependency are explained with use 
of Read’s theory as in the cases hitherto 
known”. Y-kind sample is of p-type and the 
scattering-effect due to the naked dislocations 
on the resistivity is too small to be observed 
as is seen from curve F in Fig. 4. The effect 
on the thermoelectric power is, however, ap- 
preciable generally in the temperature range 
where the thermoelectric power is nearly in- 
dependent of temperature. The curve G in 
Fig. 5 is an example case. 

All the curves in Fig. 5 are drawn empiri- 
cally. The explanations for the behaviors of 
the curves are essentially the same as for 
E-kind samples. But the following points 
should be noticed. As shown in curve C in 
Fig. 5 the charged dislocations reduce the 
absolute value of thermoelectric power fairly. 
This informs that the majority carrier in O- 
kind materials at room temperature is not 
always converted to hole if we consider the 
combination-effect with e=0.3. Such an ex- 
planation is supported by curve E in Fig. 5 
where the values are shifted more to negative 
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sign side because of the small combination- 
effect (e=0.1). 

It is, however, incomprehensive that the 
scattering-effect due to the naked dislocations 
on the thermoelectric power for ONO. 6 is 
unexpectedly small in the intrinsic range of 
temperature although it contains very high 
density of the dislocations. 

Illustrating ENO. 3 as an example case, 
we show that it is impossible to explain the 
effect of the deformation on the thermoelectric 
power by only the effect of the point defects. 
If the curve C in Fig. 3 is due to the holes 
ionized from the acceptors whose level depth 
is 4—(0.1~0.05)eV*®) the acceptor density 
must be about 102°~10'!%cm-’, which is un- 
reasonably high. If the curve D in Fig. 3 is 
due to the holes ionized from the acceptors 
surviving the annealing the acceptor density 
must be about 10!#°~5x10!%cm-*. The values 
are enough to cause an appreciable scattering- 
effect at intrinsic range of temperature, which 
is not observed in the curve. Therefore we 
may conclude that the curve is almost perfec- 
tly due to charged dislocations. 
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An explanation is given on the divergent beam pattern due to Compton 
scattering. The pattern is not caused by a point source of X-rays out- 
side of crystal but by interference of X-rays produced uniformly in a 


small crystal. 


It is shown experimentaly that the interference lines can 


appear even for a pretty small crystal if a micro-beam is: used. 


Introduction 


§1. 
Grenville Wells!) obtained divergent-beam 
patterns from diamond and other crystals 
with a parallel X-ray beam, and ascribed the 
origin of such interference patterns to either 
Compton scattering or scattering due to imper- 
fections, or both. Norman?’ confirmed by 
using a filter technique that the origin of 
divergent radiation is due to Compton scatter- 
ing. He observed: (i) The interference lines 
appear from imperfect crystals, but not from 
perfect crystals; (ii) There seems to exist a 
certain minimum in the size of diamond 
crystals to give rise to the lines, since the 
interference lines are observed tor a crystal 
of 2x0.5mm with the incident X-rays of 
1mm cross-section, but not for a crystal of 
0.5x0.5mm, though both of the crystals are 
obtained from a same large crystal; (iii) The 
interference lines have fine structures. 

From (i) he concluded it as probable that 
the Compton interference is caused not only 
by the primary extinction effect but also by 
the secondary extinction effect, as Lonsdale® 
suggested for the usual divergent beam 
patterns obtained with the X-ray point source 
lying outside the crystal. He considered that 
crystals must be large enough so that the 
secondary extinction effect is appreciable to 
give rise to the interference lines. According 
to him, the relative position of the light and 
dark lines in the fine structure are always 
complementary to that of the Kossel pattern 
which appears by the dynamical effect in a 
perfect crystal. This fact supports the ex- 
planation of the interference lines by the 
secondary extinction effect. As to the fine 
structure of the lines, he compared it with 
the pair of reflection and deficiency lines in 


the usual divergent beam pattern given by a 
X-ray point source outside the crystal, as 
shown in Fig. 1, and considered that the 
separation of the two lines become very small 
if the distance between the source and the 
crystal and the crystal thickness are reduced. 


X-ray point, 
source 


X-ray 
film 


Fig. 1. The explanation of appearance of re- 
flection and deficiency lines by a point X-ray 
source outside the crystal. 


In the present study the interference lines 
were observed for several specimens of 
diamond with the parallel beam of X-rays of 
various sizes, and a conclusion somewhat 
different from that by Norman” was obtained 
with regard to the condition of the appearance 
of the interference lines. In order to explain 
this and the fine structure, we have considered 
the process of the appearance of the inter- 
ference lines in more detail, taking into 
account the fact that the source of the 
divergent beam due to Compton scattering 
is not a point source, but distributed over 
the whole region irradiated with the imping- 
ing X-ray beam. 


§2. Experiment 


The Cu radiation from a rotating anode X- 
ray source of variable focal-size was used.) 
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Fig. 2. 


Interference Phenomena of Compton Scattering from Diamond 


Divergent beam pattern; Impinging beam in [110] direction, [110] vertical. 
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No filter Cu 


radiation 40 KVP, 40mA, apparent focus 0.2x0.5mm, exposure time 40hrs. the diameter of 
impinging X-ray beam 0.1mm, distance from specimen to flat film is 30mm, positive figure. 


hie 


The source can be operated for a long time 
without trouble with the focus 0.20.5 mm, 
and with 50mA at 40kV. 

Several brownish diamond crystals from 
Borneo, about 3—0.2mm in size were used. 
The interference lines with the fine structures 
were observed as reported by Norman.” An 
example is shown in Fig. 2, where four inter- 
ference lines corresponding to the reflection 
{111} with fine structures composed of light 
and dark lines are observed besides the Laue 
spots. 

This photograph was obtained from a 
crystal of 0.2x0.4mm with the impinging 
X-ray beam of the diameter 0.1mm. It is 
to be noted that no interference line was 
observed from the same specimen with the 
impinging X-ray beam of the diameter 0.3 mm. 
The size of the crystal used in the present 
experiment is smaller than the one used by 
Norman,?) which was 0.5x0.5mm in size. 
This fact suggests that the minimum size for 
the appearance of the interference lines, if 
it exists, seems to be still smaller than he 
suggested, and that the cross section of the 


impinging beam is a factor more important 
than the crystal size for small crystals. 
§3. Consideration on the appearance of the 
interference lines 

The angular width of Bragg reflection due 
to the spectral line breadth of X-rays is given 
by 

di 


dé= — tan 0 
5 n 


where @ is the Bragg angle of the reflecting 
planes and 2 wave length. 

If 4A is the line breadth of Compton shift 
line due to the initial random velocities of 
electrons bound in atoms, d@ is given by 


dg tan 0 


(1) 


(2) 


According to Du Mond and Kirkpatrick® and 
Du Mond,” dé is estimated to be about 0.51° 
for the reflection (111) planes with Cu Ka. 
In order to explain the structure of the 
light and dark lines, it is assumed that the 
source of the divergent beams are distributed 
in a small crystal whose absorption is almost 
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negligible, and that the divergent beams are 
reflected by the lattice planes in the same 
crystal. Let us first consider the case where 
the breadth of Compton shift line is neglected, 
and assume, for simplicity, that the crystal 
has a rectangular section ABCD in Fig. 3 (a), 
and AB makes 45° angle with the lattice 
plane L(hki), and that the Bragg angle for L 
is 45°. Incident X-rays t which have been 
emitted in the crystal, form 90° angle with 
reflected X-rays r. It is not necessary in 
this case to consider X-rays coming from out- 
side. The reflected X-rays leaving the crystal 
through the point P should have been reflected 


2E€ 


background 
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at some point on PQ, and their incident X- 
rays should have been emitted at some point 
within the area ABPQ. The variation of 
intensity of reflected X-rays along AD, there- 
fore, is given approximately by the line a. 
The intensification toward the side D may 
be said as a pile-up effect. On the other 
hand, a part of X-rays traveling in the di- 
rection of r are reflected on the lattice plane 


(hkl). This negative intensity is constant 


along AD and shown by the line 6. The line 
c is the sum of the intensities a and 6. This 
explains the appearance of the light and dark 
line. : 


Fig. 3. The interpretation of the fine structure of a interference line due to Compton scattering 
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Let us consider next the breadth of Compton 
shift line. Corresponding to the simple case 
considered above, the intensity of the light 
and dark lines is assumed to be as follows: 


I(¢)=—mo age 
I(g)=0 Io] >€ 


where ¢ is the angle measured from the 
centre of the reflection of X-rays, m a constant 
and +€ the angle of both the ends of the 
light and dark lines. If the breadth of 
Compton shift line can be expressed by 
1/V 2x0 exp (— 2/202), where the value a is 
determined by the wave length and the angle 
of deviation from the impinging X-ray beam, 
the intensity of X-rays will be expressed by 
the convolution of these two functions as 
follows: 


f 
or (3) 


for 


b1e 
I'(¢)= | a= exp (—u?/20?){ —m(¢—u) }du 
b—é 
b+e 
= val exp (—u?/20*)du 
7 0 


b—-= 
_ | exp (—u'/20*)au} (4) 
0 
+" [exp {—(¢—6)2/20°} 
V 2x0 P : s 
— exp {—(@+6&)?/207}] . 65) 


The numerical calculations of (5) is shown 
in Fig. 3(b), where the half-value width of 
1/V/ 2x0 exp (— 2/20") is taken to be 4€. The 
distance between the minimum and maximum 
of the intensity is larger than that in Fig. 3 
(a), but the centre remains at the same po- 
sition where the intensity gradient is the 
largest in both cases. The light and dark 
lines in Fig. 2 shows slow intensity variation 
in their both sides. This variation is clearly 
seen also in the microphotometer traces of 
Norman,?) as is shown in Fig. 4. In the 
photograph, however, the breadth of the part 
near R’ where the intensity gradient is large, 
or the maximum and minimum interval (2€ 
of Fig. 3(b)) are apt to be taken for the 
breadth of the light and dark lines, due to 
the strong background. For this reason, they 
sometimes look sharper than the actual width 
(SS Z.o0f, Fig. 3:(b)), as seen: in Fig..2: 

The X-rays emitted in i and r directions 
in Fig. 3(a) have different wave length in 
accordance with Compton’s formula when 
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their angles to the direction of impinging X- 
rays from outside are different. The lines a 
and b of Fig. 3(a) should, then, shift slightly 
corresponding to the difference in the angles 
of Bragg reflection, but this effect makes no 
great contribution to the appearance of the 
light and dark lines. Fig. 2 corresponds to 
a case with no such difference in wave length. 


041 


Dark Light 


(mm ) 


Fig. 4. Microphotometer traces of the interference 
lines by N. Norman.2) Ordinate scale 10-”, 
where D is film density. Dotted lines are written 
by the author, as the correspondency to Fig. 3 


(b). 


The external form of crystal is generally 
complicated and the relation between incident 
X-rays and reflected X-rays in a crystal is 
not so simple as shown in Fig. 2. However 
an explanation quite similar to the above is 
possible for a crystal having a cross section 
of parallelogram formed by the lines paralleled 
in ¢ andr directions. In more general cases, 
it may be possible to calculate the intensity 
theoretically by the convolution using more 
variables. In general, a kind of pile-up effect 
will always take .place, and the breadth of 
the interference line will be in the order of 
the linear dimension of the crystal in the 
direction AD in Fig. 3(a). For the crystal 
used in the observation of Fig. 2, the magni- 
tude of projection corresponding to 2é of Fig. 
3(a) is 0.24mm, and on the film this corre- 
sponds approximately to 0.26°. Since the half 
width of Compton shift line is about 0.51° 
as mentioned before, we have 2€’~0.5°, and 
the observed value of 2€’ 0.4—1° is in the 


1574 


range of agreement with the calculation. 
The author wishes to express his sincere 
thanks to Prof. T. Futagami for his obtaining 
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indebted very much to Prof. K. Kohra of 
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The Crystal Structure of Nickel Chloride Hexahydrate, NiCl, -6H,O* 


By Joji MIZUNO 
Takarazuka Radiation Laboratory, Division of Sumitomo 
Atomic Energy Industries, Ltd. Takarazuka Japan 
(Received March 30, 1961) 


The crystal structure of NiClz;-6H,O0 has been determined by the X-ray 
single crystal method. The unit cell is monoclinic with @=10.23 A, — 
7.05 A, ¢=6.57 A and @=122°10’. The space group is C},,—C2/m and the 


unit cell contains two formula units. 


The atomic arrangement is quite 


the same as that of CoCl,-6H,O and thus the structure model adopted 
for this salt has again been confirmed to be correct, as compared with 
the model proposed by Stroganov et al.. 


$1. Introduction 
Previously, the author determined the 
crystal structure of cobalt chloride hexa- 


hydrade, CoCl.-6H:0'’, by the X-ray single 
crystal method. This crystal structure is as 
follows: (1) two chlorine atoms and four 
water molecules are octahedrally coordinated 
to cobalt atom to form the group [CoCl,-4H:O], 
(2) the other two water molecules of the 
formula unit are located between the groups 
[CoCl.-4H2O0] arranged in the direction of the 
b axis and they form the O---H-O type 
hydrogen bonds with the neighbouring water 
molecules of the groups [CoCl:-4H:O], and 
thus these groups are joined with one another 
through these hydrogen bonds in parallel with 
the b axis, and (3) the structure is composed 
of atomic layers parallel to (001). This struc- 


* This work was done at the Research Institute 
for Iron, Steel and Other Metals, Tohoku Univ.., 
Sendai, Japan. 


ture model was entirely different from that 
proposed by Stroganov et al. and was proved 
to be reasonable by the following studies on 
CoCl:-6H:0 at low temperatures: studies on 
the paramagnetic susceptibilities by Haseda 
and Kanda*) and by Haseda®’, on the proton 
magnetic resonance by Sugawara’) and on 
the specific heat by Robinson and Friedberg®’. 

Haseda and Date* measured the paramag- 
netic susceptibilities of NiCle-6H:O in pow- 
dered samples at low temperatures and found 
the different magnetic behavior from that of 
powdered samples of CoCl2-6H2O, though the 
two salts were supposed to be isomorphous. 
Therefore, it was required to examine whether 
these two paramagnetic salts were certainly 
isomorphous or not. The present work was 
thus undertaken. In the previous paper, it 
was reported that according to the preliminary 
study, NiCl:-6H2:O seemed to resemble CoCle: 
6H:O in its atomic arrangement. By the 
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present detailed structure analysis, it was 
proved that the former salt is quite isomor- 
phous with the latter. 

From the result of the preliminary study 
described above, Haseda, Kobayashi and 
Date” considered that the anomalous magnetic 
behavior of a powdered sample of NiCl.-6H:O 
below about 10°K was also caused by the 
antiferromagnetic transition, as was the case 
for CoCl:-6H2O. They measured the para- 
magnetic susceptibility on a single crystal of 
NiCl.-6H20 and confirmed that this salt is 
antiferromagnetic below about 6°K. 

Thus, the structure model concluded for 
CoCl:-6H:0 was again confirmed to be cor- 
rect for NiCl:-6H2:O by both the structural 
and magnetic studies. This increases very 
much the reliability for the proposed struc- 
ture model. 


§2. Crystallographic Data from the Litera- 
ture on NiCl.-6H:O 


In “Chemische Kristallographie, 1 Teil” 
(Groth, 1906)*, the following data are given 
for monoclinic prismatic NiClz,-6H2O: the axial 
ratios a@:b:c are 1.4678: 1: 0.9426, 8 being 
122°30’. The (001)-cleavage is perfect. It is 
green or grass-green in colour. The density 
is given as 1.921 gr/cm’. 


§3. Experimental 


The light green single crystals of NiCl:- 
6H:0 were grown from saturated aqueous 
solution. They were the same in the habit 
as described by Groth and accordingly they 
could be regarded as monoclinic prismatic. 
The two fragments along the a and the b 
axes which were about 0.4x0.45x2.5 mm? 
and 0.25x0.3x2.5mm in dimension, respec- 
tively, were cut out of these single crystals, 
sealed into grass capillary tubes in contact 
with chronometer oil and used for X-ray 
study. Under these conditions, they remained 
stable during the experiment. 

Rotation photographs about the @ and the 
6 axes and oscillation photographs about the 
6 axis were taken with Ni-filtered Cuka@ and 
| Zr-filtered MoKa radiations. Multiple-film 
equi-inclination Weissenberg photographs of 
-zero- and the first-layer were taken about the 
a and the 6 axes using Zr-filtered Moka 
_ yadiation. 

The unit cell parameters measured from 
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these X-ray diffraction photographs are as 
follows: 


a=10.238 A, 6=7.05A, C=6.97 A, B= 122° 10% 
PD OSS SOO Se 


From these parameters and the density 
value, 1.92 gr/cm*, the number of the formula 
units in the unit cell was calculated to be 
1.96, which meant the existence of two 
formula units per unit cell. From the crystal 
form and the observed extinctions, (hk/) with 
k+k=odd, (h0l) with h=odd and (0k0) with 
k=odd, the most probable space group was 
assumed as C},—C2/m. 


The relative intensities of reflections were 
estimated visually by comparison with the 
time-exposure calibrated strips. Some inten- 
sities, which were very faint and hardly 
visualized, were estimated as one-third or one- 
fifth of the lowest intensities of the strips. 
All of them were corrected for Lorentz and 
polarization factors in the usual way. 

The linear absorption coefficient was calcu- 
lated to be 30.4cm~! for MoKae@ radiation. 
Using this coefficient, the rough absorption 
correction was made by assuming cylindrical 
shape of the sample. 


§4. Determination of the Structure 


The unit cell parameters, the values, sin 6/2, 
and the relative intensities of reflections on 
photographs were quite similar to those of 
CoCl:-6H2O0 and thus the same structure model 
as that of this salt was primarily assumed 
for the present salt. 

At first, based on the assumed model, the 
atomic parameters could approximately be 
determined by the trial-and-error method, 
using the F(h0/)’s obtained from oscillation 
photographs taken about the 6 axis with Zr- 
filtered Moka radiation. They are listed 
in Table I. The reliability factor, R= 
5||Fol—|Fel|/S|Fol, was 0.155. Referring to 
the data of CoCl:-6H2O, the value of 5, the 
coefficient in the exponent of the isotropic 
temperature factor exp[—B-sin? 6/A*], was 
assumed to be 1.5 A? for Ni®+ and 3.0 A? for 
Cl- and O2-, respectively. 

As the next step, the atomic parameters 
were refined, using the F(A0/)’s and F(OR/)’s 
obtained from Weissenberg photographs. 
Fourier projections and the difference Fourier 
projections on (010) and the plane normal to 
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Atomic parameters. 


Table I. 


From 
Weissenberg 


photo. 


0.167 


0.251 
0.702 


From 
oscillation 


photo. 


0.173 
0.255 
0.692 


From 
Weissenberg 


photo. 


0.208 


From 
oscillation 


photo. 


2H,O far from Ni?+ ion. 


From 
Weissenberg 


photo. 


0.271 


0.0312 
0.288 


From 
oscillation 


photo. 


0.275 


0.0288 
0.283 


Atom 


Cl 


Or 


On 


4H.O coordinated to Ni2+ ion. 


Orr: 


Ox: 


Comparison between F, and |F>| for the (h0l) and (Okl) reflections (NiCl,-6H,0). 


Table II. 
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Table II. (Continued) 
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the a axis were synthesized. After these 


procedures, the atomic parameters were finally 
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determined as shown in the column “ Weiss. 
photo.” in Table I. These parameters are 
almost the same as those of CoCl.:6H20, ex- 
cept for z parameter for Cl-. The value of 
B for Ni?+ was improved to be 2.0 A? for 
F(h0l)’s and 2.4 A? for F(Okl)’s, respectively. 
The reliability factors were 0.133 and 0.088 
for all (hOl) and (Ol) structure amplitudes, 
for which the maximum observed values of 
sin 0/A were 0.8417 and 0.7804, respectively. 
The numbers of (h0/) and (Ok) reflections 
were 128 and 45, respectively. A comparison 
between observed and calculated structure 
factors is given in Table I]. The Fourier 
projections finally synthesized are shown in 
Fig. 1 (a) and (b). The calculations of the 
final Fourier syntheses were carried out with 
PC-1 Parametron Computer of Tokyo Univer- 
sity. 

The schematic representation and the ar- 
rangement of atoms projected on (010) plane 
are shown in Fig. 2 and Fig. 3, respectively. 
As seen from these figures, NiCl.-6H2O is 
quite isomorphous with CoCl:-6H20. That is, 
two Cl- ions and four water molecules are 
octahedrally coordinated to Ni*+ ion to form 
the group [NiCl.-4H.O] and these groups are 
joined with one another in parallel with the 


CsinB 


——— 


Ni(O,0.0) Cl On 


(a) 


(b) 


Fig. 1. The final Fourier projections of electron density on (010), (a) and on a plane normal to 
the q axis, (b). Contours are drawn at intervals of 2e A-2. Co atom is contoured at intervals 


of 4¢ A-2. 


Crosses show the finale atomi positions. 
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Ni H20 


H2o 


Cl Cl 
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Fig. 2. The schematic representation of the crystal structure of NiCl,-6H,O. 


Tabl III. Interatomic distances (in A) and interbond angles. 


NiCl.-6H,0 


CoCl,-6H,0 NiCl,-6H,O CoCl,-6H,O 

Refer to Fig. 2 Refer to Fig. 3 
Ni(1)-Oy(1, 2, 3,4) 2.10 BW Oy(1)-O1(2) 3.65 3.69 
Ni(1)-Cl(1, 2) 2.38 2.43 Ox(1)-On(1) 3.11 3.14 
Ni(1)-Oy(1) 4.05 4.07 Oj(2)-Oy(1) 3.75 3.77 
Oy(1)-Oj(4) 3.00 3.05 Cl(1)-On(1) 3.43 3.48 
Oy(1)-O7(2) 2.94 2.94 Cl(2)-On(1) 3.16 3.20 
C1(1)-Oy(1) 017 3.22 On(1)-On(2) 4.22 4.26 
O1(2)-On1(1) Ni(1)-On(2) 4.05 4.07 
a er } 2.67 2.69 
Oy(5)-C1(4) 
ae } 3.16 3.17 
C1(3)-C1(4) 4.04 4.07 
Cl(1)-On(1) 3.75 3.77 
ZOy(2)-Op(1)-O1(7) 101° 100° 
ZO(3)-Ox(6)-Ni(2) 117° 115° 
ZC\(4)-Ox(6)-Ni(2) 123° 124° 
Z On(3)-Oy(6)-C1(4) 


90° 


90° 
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b axis by O---H-O type hydrogen bonds be- 
tween O; and Oy. The structure is also com- 
posed of atomic layers parallel to (001). 
Thus, the perfect cleavage parallel to (001) 
can reasonably be explained. In Table III, 
interatomic distances and interbond angles 
are given and for reference, data of CoCl:- 
6H2O0 are added. As shown in Table III, 
interatomic distances are generally shorter 
than the corresponding ones of CoCl:-6H.O. 


ie) 
Cli) 
Ve Ort) 
. O 
On(i) 


BAY YO 
O) 


Fig. 3. The arrangement of atoms projected on 
(010). 


§5. Discussion 


In the structure analysis of CoCl:-6H20, the 
most probable space group, C3,—C2/m, was 
adopted, based on the Laue photograph taken 
with the radiation perpendicular to (100), the 
crystal form and the observed extinctions. 
The structure analysis was carried out and 
the decidedly reliable structure was found 
without any inconsistency. Thus, the space 
group, C3,—C2/m, was correct for CoCl:-6H:20. 

In the present study, the structure model 
was assumed for NiCl:-6H:0, based on the 
assumed space group and referring to the 
data of CoCl:-6H:O and the analysis was 
carried out, using (#0/) and (OA/) data alone. 
Therefore, it must deliberately be examined 
whether the assumed structure model is cor- 
rect or not, from the same reason as decribed 
in the previous paper”. Using sixty-one 
F(hll)’s obtained from Weissenberg photo- 
graphs in the present work, observed and 
calculated structure factors were compared 
with respect to the four kinds of the atomic 
arrangement, (I), (II), (II) and (IV) which 
were discussed on the structure determina- 
tion on CoCl.-6H:O. In the arrangement (1), 
the reliability factor, R was 0.137. In the 
arrangement (II), R was 0,238 and the ar- 
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rangements (III) and (IV) proved to be out of 
question. Thus, the structure model (I) and 
the space group, C?,—C2/m, adopted for 
CoCl:-6H2O was confirmed to be correct for 
NiCl2-6H:O, too. This result makes assurance 
for the present structure model doubly sure. 
A comparison between |/| and F, for the 
(All) reflections are given in Table IV. 


Table IV. A Comparison between |F| and F; 
for the (h1l) reflections. 


tes ep tbs al Wohi. B's kel vekuel ebobe. ols 
S “Torme. 3°) Sassen! sn a erik oto. 249 
Tal ONE 45s V1OLBIIRAS: JusG We ONS 1.4 
Ele wnt Ec AROu rs ttre ees 3.3 

5 tiers |t04. 5 5.0 
De lod Wed 6 AeO | 95 heed e202 3.0 
"lope pe) NG UAC eco aE 
DY PIBwe Gy Sra Ge Ne Ze 6.9 
Lyi ce |S. OF ig Od haat] die tee 2 
Le eto 6.0) GS diael ot lmOed 4.8 
LOTSA 17-8 (OMS Leader ly 
ne Sa ReOLS O08 Takes Ae G say, 
Lptlerd te0) 0:35 lleuien lie dul ee0) 6.7 
Fees ag al a O87 1ok) 0.2 8.2 
ie BW 216 S13 TENT 7.3 
dete tniee 29 39: wT ol ile 220 3.0 
Teele Ouleee2 3.2 

gr Ty PO: 0.1 
Sictligg il gidaipbe BAn6a pe Oued iler2F 3.0 
Sala og, ON aa 3.0 
Brie “ore SOM “Or TT ar5 4.7 
Semiaigel LOA TisnleOnal ne ioe 7.8 
Bolle Frit 87 nck Onl eu9 ealeips Wumed 6.6 
8 1 oe 41 3.6|| 9 1 4| 4.6 4.9 
SAL WMNIA SHAT IA| “OMe Baan 2.5 
Bats 9.3 9.5: 29 slinéy) 40 0 
att Galas | eee fl aa 1.9 

| 9 1 8] 4.5 4.4 

Sedo dnl ii0 Or? Ne Dual lagapezs6 3.3 
ER PORE 3.3 
to ead) Baie a) 522 4.6 
5a 4 54 SO NelT ds Galays3 6.1 

1 ele, 2.8 3.0 
A LT 0122 Wolo 
5 1 3--1977.|__-18.3 
il Iie ine (OA) 8.5 | p_2llFol—lFel|_ 4 137 
BAe tpi gig 2.7 || 3|Fol 


The coefficient of the temperature factor, 
B, for Ni?+ ion, was differently assumed for 
F(h0l)’s and F(ORl)’s, which gave the highest 
reliability factor. A more precise experiment 
must be done, however, to examine whether 
this result is related or not to the fact that 
the four water molecules coordinated to Ni’+ 
ion are not strictly arranged in a square, but 
in a rectangle with two side lengths, 3.00A 
and 2.94 A. 

The interatomic distances are compared 
between CoCl:, CoCl::-2H20O, CoCl:-6H:O and 
NiCl:-6H20 as follows: 


1580 
CoCl:- CoCle- NiCle: 
CoCh” 5:0 6H,0 6H20 
Co(or Ni)-Cl Dep ilea2 Oo caus 43 2.38 
Co(or Ni)-O 1.93 22 20 
Cl-O OAL Cmor Oo meOrae Shi le 
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The Dynamic Bulk and Shear Viscosity of High Polymers, 1. 


Introduction 


By Ryusuke KONO 
Department of Applied Physics, Defence Academy, 
(Received March 6, 1961) 


The result of the transverse and longitudinal wave measurement on 
two groups of high polymers were presented as a function of tempera- 
ture at frequency of 2.5 Mc. One group contains those polymers with 
no or slight steric hindrances, i. e. polyvinylchloride, vulcanized rubber 
and polytrifluoromonochloroethylene. The other includes the materials 
with strong steric hindrances i. e. polyethyl methacrylate, poly-n-butyl 
methacrylate and poly-i-butyl methacrylate. 

The relaxation of shear deformation can be explained by the widely 
distributed relaxation times irrespective of the coupling between the 
molecules and the steric hindrance of side chain groups on the main 
chain. On the other hand, the relaxation of volume deformation depends 
on the intermolecular force and the steric hindrance. In poly-i-butyl 
methacrylate, the relaxation associated with volume deformation may be 
explained by the single relaxation theory. 


sion region of high polymers. 


Marvin et al. 


In recent years an energy-dissipating pro- 
cess associated with volume deformation for 
high polymers has been studied by several 
workers. The information on this subject is 
rather contradictory for the primary disper- 


have found that the imaginary part of bulk 
modulus is of comparable order of magnitude 
with that of shear modulus, whereas Nolle 
and Sieck?, Cunningham and Ivey?) have 
claimed that the imaginary part of bulk 
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modulus is much smaller than that of shear 
modulus. Recently Wada et al‘). have 
arrived at a reliable conclusion that the 
imaginary part of bulk modulus in styrene- 
butadiene rabber was of the same order of 
magnitude as that of shear modulus, so that 
the prediction by Cunningham and_ Ivey 
might not be true in GR-S which is a sort of 
styrene-butadiene rubber. 

The activation energies associated with 
volume and shear deformation have been 
found to be almost the same in polyisobuty- 
rene. The curve of the imaginary part of 
bulk modulus against frequency or tem- 
perature is sharper than that of shear mo- 
dulus in polyisobutyrene and butyl rubber. 
This means that distribution of the relaxation 
time associated with volume deformation is 
narrower than that with shear deformation. 
In case of polystyrene, on the other hand, it 
was reported in the previous paper®) that the 
activation energy associated with volume 
deformation was somewhat larger than that 
associated with shear deformation, so that 
the molecular mechanism involved in the two 
types of deformation may be different. In 
polyisobutyrene there is, from stereochemical 
reasons, little steric hindrance of side chain 
groups on the main chain, while in polysty- 
rene and polymethyl methacrylate there 
should be some steric hindrance of side chain 
groups. One might then expect some effect 
of the side chain on the volume and the shear 
deformation mechanisms. 

It is the purpose of this work to present 
the results of the transverse and longitudinal 
wave measurements on high polymers as 
functions of temperature. 

As usual, the propagation of longitudinal 
and transverse waves in a viscoelastic medium 
is described, if steady-state sinusoidal time 
dependence of stress and strain, is achieved, 
by emloying the complex bulk modulus K*= 
K.itike=Kitio€ and the complex shear 
modulus G*=Git+iGz=Gitiwy, where € is the 
dynamic bulk viscosity, y the dynamic shear 
viscosity and w the radian frequency. If the 
longitudinal-wave modulus is written as M* 
=M,+iM:=K*+4G*/3, the relations among 
the velocity, the attenuation and the modulus 
at a given radian frequency w can be de- 
scribed as follows. 
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G, = 2Ue = (ar? v1#/o*)) (1) 
(1+ (a2? v-?/@?))? 
ebeete v0? (Zar v:/@) 

as (1+ (a:?v1?/@?))? (2) 

M:=K.i+4G,/3= ov?(1—(a?v2/o2)) 
(1+(a?v2?/w?))? (3) 
Mirsky 44693 secon al?) (a 


(1+(ar?v72/w?))? 
where v, represents the velocity of longi- 
tudinal waves, uv: the velocity of transverse, 
a, the attenuation of longitudinal waves, a 
the attenuation of transverses waves, and po 
the density. The values of Gi, Gs, Ki and 
Kz are calculable using the measurable values 
of 0, v1, Vt, ai and a. 

There is, however, a basic experimental 
difficulty in obtaining the data of Kz. The 
value of Ke is derived from a comparison of 
the velocity and attenuation of shear waves 
and longitudinal waves. Since the attenuation 
of shear waves in polymers is generally very 
large, the observed values of velocity and 
attenuation are likely to include appreciable 
errors. When the value of G: is of the com- 
parable size with M:, probable error in the 
calculated values of Kz for vulcanized rubber 
presented in this work amounts to 40 percent, 
K. being obtained as a combined result of 
shear and longitudinal wave measurements. 
When the values of Gz is much smaller than 
M2, as in the case of polystyrene and poly- 
methyl methacrylate, probable error in K:z is 
less than 10 percent. In this case the accuracy 
in Ke and Gz is sufficient to permit a more 
detailed evaluation as to the relations between 
the shear and volume deformation mecha- 
nisms. 

The experimental apparatus here employed 
for the longitudinal and transverse wave 
measurement is the same as that reported 
in the previous paper®). Silicone oil and ethyl 
alcohol were used as transmission medium 
above and below the room _ temperature, 
respectively. The rate of heating was kept 
at about 15 deg/hr. 


§2. Samples 


Experiments were made on vulcanized rub- 
ber with 5 percent sulphur, polyvinylchloride 
(PVC), polytrifluoromonochloroethylene (Kel- 
F), polyethyl methacrylate (PEMA), poly-n- 
butyl methacrylate (PnBMA), _ poly-i-butyl 
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methacrylate (PiBMA). The sample thick- 
ness of vulcanized rubber ranged from .0.03 
to 0.5cm. The composition of vulcanized 
rubber was 100 gr. Hevea smoked sheet and 
5 gr. sulphur. The samples were cured for 
120 minutes at 150°C+1°C. PEMA, PnBMA 
and PiBMA were prepared by block poly- 
merization from carefully purified monomers. 
Original stocks were plates of 0.5cm in 
thickness. The PVC and the Kel-F were 
supplied by Nagahama Plastic Company and 
Du Pond Chemical Company, respectively. 
Original stocks of each samples except vulcan- 
ized rubbers were annealed at 100°C for one 
hour and cut out from a common plate in 
order to reduce variation between samples. 
These samples were 0.05 to 0.5cm in thick- 
ness. 


§3. Results 


In Figs. 1~6, Ki, Kz, Gi, and Ge are plotted 
against temperature for vulcanized rubber, 
Kel-F, PVC, PEMA, PnBMA and PiBMA, re- 
spectively, calculated from the smoothed ex- 
perimental results according to the relations 
(1), (2), (3) and (4). It was impossible to make 
any measurements for the shear wave in the 
region shown by the dotted line because of the 
high attenuation. The direct determination 
of the values of Ki and Kz in dotted line 
was impossible, but they can be determined 
since the longitudinal waves were measured 
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throughout the temperature range covered, 
and since the values of G: and Gz were very 
small in comparison with that of Mi and M2. 
In these figures it is obviously seen from the 
experimental results that an energy-dissipat- 
ing process associated with volume deforma- 
tion is found in all these polymers. The 
curves of K: and G:° versus temperature all 
exhibit peaks in the temperature region 
studied. For vulcanized rubber, PVC and 
Kel-F the temperature at the peak of Kz is 
almost the same as that of G:, while for 
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bulk modulus versus temperature for polytri- 
fluoromonochloroethylene. 
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PEMA, PnBMA and PiBMA, the former is 
somewhat higher than the latter as shown in 
Fig. 4, 5 and 6. 

The results of vulcanized rubber are shown 
in Fig. 1 together with Cunningham’s*) and 
Wada’s* data. Above 0°C, the values of K; in 
the present work and Wada’s work are in 
statisfactory agreement, with each other, 
whereas our Kz is somewhat smaller than 
Wada’s value. The values of G: of the pre- 
sent work is smaller than Cunningham’s data 
and is rather comparable with their Ke. It 
may be safely said that the prediction of 
K:<Gz might not be the cese, as already 
mentioned by Wada for GR-S. 

It is obviously found from these experi- 
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Fig. 4. Real and imaginary part of the shear and 
bulk modulus versus temperature for polyethyl 
methacrylate. 
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mental results that the temperature depen- 
dence of the molecular mechanism associated 
with volume deformation in vulcanized rub- 
bers, PVC and Kel-F is very similar to that 
with the shear deformation, as is the case 
with styrene-butadiene rubber,* butyl rubber?’ 
and polyisobutyrene.” 
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Fig. 6. Real and imaginary part of the shear and 
bulk modulus versus temperature for poly-i 
butyl methacrylate. 


From the viewpoint of the chemical struc- 
ture of these polymers, a coupling between 
the dipoles, crystallization or vulcanization 
contributes significantly to the cohesion, for 
substances where no or slight steric hindrance 
exists. As reported in the previous paper 
for polystyrene, the temperature at the maxi- 
mum value of Ke is higher than that of G: 
and the activation energy associated with 
volume deformation is larger than that of 
shear deformation. The molecular mecha- 
nisms involved in the two types of defor- 
mation are different. In these polymers they 
are subjected to steric hindrance by side 
chain groups on the main chain. It is ex- 
pected that the difference between the volume 
and the shear deformation mechainisms might 
be related to steric hindrance, and so the 
methacrylate series were investigated. 

Density, T(Kem) and T(Geam) versus numbers 
of side chain C-atoms in methacrylate series 
are shown in Fig. 7, where T(Keam) and T(Gzm) 
represent the temperatures at the maximum 
value of Kz and Gz, respectively. The dash- 
ed portions of the curves indicate the data 
for the case of isobutyl group. Density 
decreases with increasing number of side 
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chain C-atoms. The values of Ki and Gi, 
T(Kem) and T(Gzm) decrease with increasing 
length of side chain except PiBMA. One 
get T(Kom)=T(Gom) in Fig. 7, extraporating 
to zero side chain C-atom, where no or slight 
steric hindrance exists. T(Kem) is less depen- 
dent on length of side chain than T(Gom). 
The difference between T(Kem) and T(Gam) 
increases with increasing length of the side 
chain. Thus it is expected that the intra- 
molecular degrees of freedom associated with 
volume deformation are more decreased by 
length of the side chain than those associated 
with shear deformation. 
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Fig. 7. Density, T(Ky») and T(Gz») versus numbers 
of side chain C- atoms for methacrylate series. 


§4. Discussion 


Eyring® has proposed a hole theory of 
liquids which has been very successful in 
explaining experimental data and has had 
great influence on theoretical considerations 
of the viscosity. The problem of shear 
viscosity is fundamentally the same for long- 
chain polymers as for simple liquids unless 
the cooperative movements between the 
molecules exist. Long chain molecules are 
flexible and can take up many different 
shapes and each segments in the long chain 
molecules have individual relaxation times, 
so that relaxation times for shear viscosity 
should be widely distributed. When a shear- 
ing stress is put on such a molecule, seg- 
ments of the molecule connected by chemical- 
bonds are forced to move cooperatively. 
Thus they are transformed from one con- 
figuration to another configuration. A model 
in such a case is schematically shown in Fig. 
8a, where @ represents a segment and © a 
hole. Through a number of successive seg- 
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mental jumps the resultant movement of the 
molecule as a whole is accomplished. These 
segmental jumps caused by the application of 
a shearing stress produce a shear deforma- 
tion. On the other hand when an external 
pressure is applied to these molecules as 
shown in Fig. 8b, only several segments of 
the molecule arround the hole will be locally 
displaced due to rearrangement of the seg- 
ments. Hence, in the case of bulk viscosity, 
the difference between long chain polymers 
and simple liquids is expected to be much 
less than in the case of shear viscosity, as 
pointed out by Hirai and Eyring.’”) Therefore 
in the case of bulk viscosity, Kz in dependence 
on frequency or temperature is expected to 
be explained by a single relaxation theory. 
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Fig. 8. A model for shear deformation (a) and 
volume deformation (b) in long-chain polymer. 


When a distribution of relaxation times 
exists for the shear and bulk relaxation pro- 
cesses, the expressions for Gi, Gz, K; and K2 
are given as follows (cf. Litovitz®): 


Gi 


oe\ 
ced are (6) 
ee opel Peter GS 
|, ESI) (8) 


Here G. is the shear modulus in the high 
frequency or in the glassy state, Gwg(ts)dts 
the contribution to the shear modulus by 
those molecules which have relaxation times 
in a range dts near ts, Ke the bulk modulus 
in the high frequency or in the glassy state, 
Ky static bulk modulus or bulk modulus in 
flow state, (K.—Ko)k(t»)dt» the contribution to 
the high frequency bulk modulus of those 
molecules having individual relaxation time 
in a range dty near tv. g(ts) and A(t») are the 
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distribution functions of shear and volume 
deformation, respectively. 

If one assumes a Gaussian distribution, one 
can show that for t’s=or’,»=1, i.e., at 
the maximum value of Gz and K, 


1G)=1K) = (9) 


1G)<, WKe)< (10) 


where t;’ and t» determine the position of 
the maximum of the distribution and represent 
the most probable relaxation times. The 
narrower the distribution of relaxation times, 
the larger becomes the maximum value of 
I(Gz) and I(Kz), approaching to the maximum 

value 1/2 of the single relaxation process. 
The values of I(G:), I(Gz), I(Ki) and I(Ke) 
in PVC, vulcanized rubber and Kel-F are 
plotted against temperatures in Fig. 9. In 
these polymers, it is to be seen that T(Kom)= 
T(Gem) and the maximum value of I(Kz) and 
(Gz) are 0.15. The value of I(K:) and I(G:), 
I(Kz) and I(Gz) are almost the same _ through- 
out the temperature region studied. Thus it 
can be expected in the case of PVC that 
volume deformation mechanism becomes 
closely related to shear deformation me- 
chanism. These circumstances may be ex- 
plained as follows. When external pressure 
is applied as shown in Fig. 8b, the process 
of the rearrangement of molecules consists of 
| 
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combined elemental processes, each elementary 
process being very similar to that in shear 
viscosity. The combined process consists of 
movements of several segments arround a 
hole. The displacement of one segment to 
the hole has a great influence upon the 
motion of the neighbouring segments and 
the cooperative movement may take place due 
to a strong coupling of the molecules in PVC. 

As shown in Fig. 9, the value of T(Kem) is 
almost the same as that of T(G2m) in Kel-F 
and vulcanized rubber. The relation (9) nearly 
holds true at the temperature of T(Kem). This 
suggests that the activation energy in shear 
deformation is almost the same as that in 
volume deformation and g(ts) and A(t») might 
be Gaussian distribution functions. On the 
other hand, temperature dependence of I(K2) 
is different from that of I(G:). The former 
is dependent more strongly on temperature 
than the latter. So relaxation times associat- 
ed with volume deformotion may probably 
be distributed over narrower region than that 
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with shear deformation. Moreover the lower 
values of T(Kem) and T(Gem) in Kel-F and 
vulcanized rubber than in PVC, may be 
ascribed to the weaker coupling of the mole- 
cules in vulcanized rubber and Kel-F than in 
PVC. The weaker the coupling of the 
molecules, the more the volume deformation 
mechanism may be different from the shear 
deformation mechanism. This situation is 
much remarkable in the cases of polystyrene 
and methacrylate series where strong steric 
hindrances exist. 

The value of I(G:), I(Gz), IK1) and I(Kz) in 
methacrylate series are plotted against tem- 
peratures in Fig. 10. Although the maximum 
values of I(Gz) in methacrylate series are 
almost the same, the maximum values of 
I(Kz) increase towards the maximum value of 
1/2 with increasing number of side chain C- 
atoms. The curve of I(K2) versus temperature 
in PiBMA approaches to the shape predicted 
by the single relaxation theory using the 
experimental value of activation energy 30 
Kcal/mol.!” This result probably means that 
no or slightly cooperative motion between the 
segments takes place in the case of volume 
deformation. Thus only several segments of 
the molecule arround a hole are displaced 
when external pressure is applied to those 
molecules of PiBMA as shown in Fig. 8b. 

In these polymers studied, the relaxation 
of shear deformation is explained by the 
widely distributed relaxation times irrespec- 
tive of the coupling of the molecules and 
the steric hindrance of side chain groups. 
On the other hand relaxation of volume defor- 
mation depends on the intermolecular force 
and the steric hindrance of side chain groups. 
The volume deformation becomes more dif- 
ferent from the shear deformation with in- 
creasing length of side chain groups in metha- 
crylate series. 


§5. Conclusion 


From the foregoing consideration, it seems 
reasonable to conclude as follows 
1) The value of Kz is of comparable size 
with G: and an energy dissipating process 
associated with volume deformation is found 
in all the polymers studied. It may be safely 
side that the prediction of K:<G, by Cun- 
ningham is not valid for vulcanized rubber. 
2) The difference between T(Kam) and T(Gom) 
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increases with increasing length of the side 
chain methacrylate series. Thus it is expect- 
ed that intramolecular freedom associated 
with volume deformation is more restricted 
by the existence of the side chain than that 
associated with shear deformation. 

3) The volume deformation mechanism is 
different from the shear deformation 
mechanism. The difference between the two 
types of deformation may be explained by 
the hole theory. In the case of shear defor- 
mation, the resultant movement of a molecule 
due to a large number of successive seg- 
mental jums to a hole is important. On the 
other hand, in the case of volume deformation, 
several segments of the molecules arround a 
hole are displaced, so that the hole plays an 
important role. In PiBMA the curve of re- 
laxational part of bulk modulus versus tem- 
perature approaches to the shape predicted 
by the single relaxation theory. 
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Ionization Efficiency Curves for At, Kr*, N} f 
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The shape of ionization efficiency curves (I. E. curves) obtained by 
essentially monoenergetic electron is studied by means of the threshold 
law. In the I. E. curves for N,+ and CO+, some humps which are at- 
tributed to autoionization processes are found. These processes occur at 
16.2+0.1eV for N.+ and at 15.6+0.1eV and 18.4+0.1eV for CO+. Though 
the shape of I. E. curve for Kr+ obtained in this work is similar to that 
of Fox et al and Frost et al, it is difficult to interpret this shape by 
autoionization process only. The I. E. curve for A+ shows large tailing 
of 0.50+0.05eV which can not be explained by doublet of ground state 
of A+. The ionization potentials determined for rare gases and some 
diatomic molecules agree well with spectroscopic values and the previous 


electron impact data. 


Introduction 


§1. 

In ionization process by electron impact, the 
curve representing the variation of ion cur- 
rent as function of energy of ionizing electron 
is called “Jonization Efficiency curve (I. E. 
curve)”. A number of studies on the shape 
of the I. E. curve near threshold have been 
made recently. Theoretical investigations of 
the threshold law of I. E. curve were made 
by Wigner?), Wannier®, Geltman”, and Mor- 
rison®. 

In an experimental investigation of the I. 
E. curve, it is very powerful to use mono- 
energetic electron beam. Fox, Hickam, 
Kjeldass, and Grove’.”) developed an experi- 
mental technique, so-called R. P. D. method, 
in which ionization is made by essentially 
monoenergetic electron. From the experi- 
ments on I. E. curves of rare gases, Fox de- 
duced the following rules; the probability of 
single ionization near the threshold is propor- 
tional to the excess electron energy, and the 
probabilities for various ionization processes 
can be superposed independently. The R. P. 
D. method has been used by several investi- 
gators and brought many successful results in 
the study of fine structure of I. E. curves. 

On the other hand, Morrison® proposed 
a method to measure the first differential of 
I. E. curve directly. It is thought that the 
method has an advantage to separate different 
processes superposed, because a differentiation 


makes a break in I. E. curve prominent. By 
use of this method, autoionization process in 
the ionization of Ne was detected by Dorman, 
Morrison and Nicholson”. This process was 
not observed by Fox et al!, and Frost and 
McDowell!” by the use of R. P. D. method. 
In fact, as most J. E. curves consist of more 
than two processes, they must be analyzed 
carefully. 

In this report, the I. E. curves for At, Kr*, 
N:+ and CO* obtained by R. P. D. method 
are analyzed by means of threshold law, and 
the results obtained are compared with that 
of the other workers. 


§2. R. P. D. Method 


The principle of R. P. D. method which was 
developed by Fox et al is described briefly in 
this section. By using R. P. D. method though 
a monoenergetic electron beam is not pro- 
duced actually, substantially the same effect 
is obtained in ionization as by a monoenerge- 
tic electron beam. 

There is an electrode in the path of electron 
beam. By applying a retarding potential to 
this electrode, a part of electrons which has 
smaller kinetic energy than this potential is 
prevented from passing through the electrode. 
Ionization is made by the other part of elec- 
trons which has passed through the electrode, 
being accelerated by the potential Va between 
tihs electrode and the ionization chamber. 
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Now, by varying the retarding potential by 
a small amount of 4Vr, “ difference ion cur- 
rent 4/” is obtained in correspondence to this 
AVr. The difference ion current 4/ should 
be essentially the same to the ion current 
which would be obtained by the electron beam 
having an energy of Va and an energy width 
of 4Vr. Thus, the method is called “ Retard- 
ing Potential Difference Method (R. P. D. 
method) ”. 

Strictly speaking, Fox’s method is a com- 
bination of R. P. D. method and the pulsing 
method which will be described in section 3. 
However, the term “R. P. D. method” is 
often used in the same meaning as Fox’s 
method. 


§3. Apparatus and Experimental Procedure 


The mass spectrometer used in this experi- 
ment is of a 90° sector type, and the ion 
orbit radius is 11.5cm. R. P. D. method is 
used for ion source of this mass spectrometer, 
so that ionization may essentially be effected 
by monoenergetic electron. Electrodes of the 
ion source, however, are somewhat different 
from Fox’s ion source. Details of this appa- 
ratus were described elsewhere!?’. 

A schematic diagram of the ion source and 
the control circuit is shown in Fig. 1. There 
are three electrodes between filament and the 
ionization chamber. The slits in electrodes 1, 
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Fig. 1. A schematic diagram of the ion source 
and the control circuit, 
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2 and 3 are 1mm wide and 3mm long, and 
the entrance slit of the ionization chamber 4 
is 0.5mm wide, 3mm long, and 1mm deep. 
In order to avoid immersion field, all of the 
slits are covered with tungsten nets which are 
140 mesh/inch (56 mesh/cm). The electrodes 
are gold plated to prevent the contact poten- 
tial. Retarding potential is applied to the 
electrode 3, and electron accelerating voltage 
is applied between this electrode and the ioni- 
zation chamber. The value of 4Vr, namely, 
energy width of ionizing electron, can be 
selected as any value, and is usually decided 
as 0.leV. 

In the previous study’, characteristics of 
this ion surce were studied and an adequate 
operating condition was found. For example, 
when potentials of the electrodes 1, 2 and 3 
measured from the filament are 2 V, 0 V and 
—0.8 V respectively, and 4Vz is selected as 
0.1 eV, difference ion current becomes 15% of 
total ion current. This efficiency is three 
times as good as that of the other workers”, 
and increases signal to noise ratio relatively. 
There is an ion repeller electrode 6 in the 
ionization chamber. Generally, ion repelling 
voltage disturbs the energy distribution of 
electrons greatly. Two synchronized square 
wave pulses as shown in Fig. 1 are applied 
to the electrode 2 and the ion repeller elec- 
trode in order to make ionization in field free 
space. To determine the ionization potential, 
energy scale must be corrected, but the cor- 
rection in this experiment is always less than 
0.2eV for fresh electrodes. 

The combination of secondary electron mul- 
tiplier and Barth’s circuit electrometer with 
UX-54, or sometimes the electrometer solely, 
is used for ion current detector. The multi- 
plier is an Inghram type and consists of fifteen 
dinodes of Ag-Mg (Mg 1.7%). The total gain 
is 5X10° for total voltage of 4.5KV applied, 
and the noise level at no-signal is found to 
be 2x10-17A. The galvanometer connected 
to the output of the electrometer has a zero 
point compensation circuit, so that difference 
ion current may be measured in full scale. 

It is important to keep the “effective” 
number of ionizing electron constant when 
electron accelerating voltage is varied. As 
ions detected at the collector of mass spectro- 
meter seems to be made at a very small part 
in the ionization chamber, electrons only 
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which pass through this part could be “ effec- 
tive”. It is very difficult to examine experi- 
mentally that the “effective” number of 
electron is kept constant. For example, to 
keep electron collector current constant not 
always means to keep “ effective” number of 
electron constant. However, in the previous 
study, it was found that the “effective” 
number of electron seems to be almost cons- 
tant in the energy range of 10V between 
the accelerating voltage of 10V and 100V, 
though it is not accurate in larger range. 
For more precise study, it is necessary to 
measure simultaneously the I. E. curves of 
the sample gas and referring gas of which 
I. E. curve lies in the same energy range. In 
this experiment, the measurements were made 
for A and N2, CO and Kr simultaneously. 
Pressure of the gases was controled as to ob- 
tain almost the same slope for each I. E. 
curve. All of the curves were measured more 
than ten runs. Though the ion source was 
dismantled to refresh the electrodes several 
times through the experiment, the typical 
shapes of I. E. curves which are described in 
section 4 did not change. The sample gases 
used in this experiment are purest in com- 
mercial grade, and are not refined specially. 


§4. Experimental Results and Discussion 
At 

As the difference of ionization potential be- 
tween A and N:2 is only about 0.2eV, the 
shapes of I. E. curves particular to these two 
gases can be obtained without instrumental 
effects, by introducing the two gases into the 
mass spectrometer simultaneously. The curve 
is shown in Fig. 2. 

Fox, Hickam, Kjeldaas and Grove® applied 
for the first time the R. P. D. method to At 
and found that it is linear in the range of 
about 1.5eV above threshould. Cloutier and 
Schiff®, measuring I. E. curve for At* by 
means of the modified R. P. D. method, 
reported that it is quite linear in the range 
of about 2.5eV above threshold and that the 
effect of doublet of the ground state of At 
on the I. E. curve is too small to be detected. 
In this experiment, however, the I. E. curve 
for A+ shows a large tailing below 17.2eV 
though it is linear at higher energy. This is 
quite different from the results of Fox et al 
and Cloutier et al. In this experiment, the 
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difference between initial onset of the curve 
and the crossing point of energy axis and 
extension of linear part is measured to be 
0.50+0.05eV*, and the difference between 
the initial onset and the position where the 
curve deviates from linear part is 1.6+0.1 
eVv*. 


units ) 


( arbitrary 


Current 


lon 


18 


iS) l6ym 47 Ig 20 2I 
Electron Energy (eV) uncorrected 
« Fig. 2. I. E. curves for A+ and Net. Arrows 


indicate the positions where successive ioniza- 
tion processes occur. 


The possible causes of this tailing of I. E. 
curve for A* could be instrumental and/or 
essential. There could be the following three 
factors in the instrumental effect on the I. E. 
curve: 

1. thermal energy distribution of electron 
emitted from hot filament, 

2. immersion field of ion accelerating voltage 
penetrating into ionization chamber, and 

3. variation in number of effective ionizing 
electron. 

The first factor of thermal energy distribu- 
tion would not be larger than 0.05 eV, provided 


* These values are corrected by effect of 0.1 eV 
of electron energy spread. 
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that the experiment is made by means of the 
R. P. D. method using 4Vre=0.leV. There 
is little possibility that the second factor, 
though emphasized by Cloutier", has an ef- 
fect on this curve, because in addition to that 
the pulsing method is used in ion repeller 
voltage to make ionization in field free space, 
the ion focusing half plates 8 and 9 in Fig. 1 
are at the same potential as the ionization 
chamber at the expense of focusing efficiency. 
Furthermore, both the facts that initial onset 
of the curve almost constantly appears at 
15.7eV nearly similar to the ionization poten- 
tial for A+ without correction of energy scale, 
and that a distinctly fine structure is found 
at N:.t curve, show electron energy spread is 
negligibly small. There is no way to examine 
the third factor experimentally. The Net 
curve measured simultaneously, however, does 
not show a tail as seen in the A* curve, and 
resembles those obtained by the other 
workers™. Granting that this I. E. curve for 
At is caused by some experimental factor, if 
the curve was tried to be corrected linear by 
using a suitable normalizing function, the Net 
curve then would be a quite strange one. 
From these considerations, the shape of I. E. 
curve for A+ seems not to be instrumental 
but substantial. 

Though ground state of A* is doublet of 
*Ps72 and *Pi;2, this cannot be a cause of the 
tailing, because separation of this doublet is 
only 0.18eV. Any excited state is not known 
for more than 13 V above the ground state. 
No conclusion, therefore, can be deduced on 
the tailing of I. E. curve for A+. It should 
be remarked, however, that Stevenson and 
Hipple’?” found that At has a longer tail by 
0.3eV than Net in their measurement using 
electron of wide energy spread, and that 
Mariner and Bleakney*® pointed out that this 
difference cannot be explained by doublet of 
ground state of At. 

N2+ 

Three distinct breaks are observed in the 
N2+ curve, and the curve between these 
breaks is nearly linear. These breaks are 
considered to correspond to ionization to X?y,, 
A?ll and B?5) state of N2+, and their ioniza- 
tion potentials, as shown in Table I, agree 
well with the spectroscopic values and the 
electron impact values obtained by Frost and 
McDowell”. Though Frost reported a large 
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break corresponding to C235 at 23.53eV, the 
I. E. curve for Nz*+ increases almost linearly 
up to 25eV as well as At and does not show 
such a large break in this experiment. Rela- 
tive ionization probabilities to each state calcu- 
lated from gradient of each linear part differ 
remarkably from the value of Frost and 
McDowell, as shown in Table II. 


Table I. Threshold values for ionization 
processes for Net (eV). 

Previous| hola. | Spectro- 

Energy This een ionization scopic 

states work alias values values 
a b e 

X 2>° | 15.63 +0.02 15.63 15.6 15.56 
em Losciest=-Oel — (16.2) — 

A 2JJ |17.00+0.05| 16.84 16.9 16.93, 16.69 

B2>) |18.94+0.06| 18.76 18.8 18.75 
— — 20.7 — 

G2); — 23.53 — 23.58 


an reference (il): 
b: reference (18). 
c: reference (20). 


Table II. Relative ionization probabilities for Net. 


| This Fox Frost 
| work et al!) | et alttia 
UA 2TD/(X 2d) | 0.5 0.2, eh 
U(B2d)X2r) | 0.40 0.55 pet 
| 
(CDMS Ds) — | = ie 


a: calculated by the author from Fig. 3. of re- 
ference (11). 


The points measured deviate above from 
the linear curve at about 16.5eV. This part 
is demonstrated with expanded scale in Fig. 3b. 
The length of vertical lines indicates the 
amount of mean deviation of the points meas- 
ured. The hump of the curve is thought to 
correspond to the autoionization process 
pointed out by Dorman et al®). Autoionization 
is the ionization caused by radiationless transi- 
tion to an ionic state from an excited state of 
molecule which lies above ionic state, for 
example: 


Nz+e—>N2*+e, No*—>N,t+e. 


Morrison®.” suggested that the threshold law 
for excitation process should be a step func- 
tion or proportional to square root of excess 
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energy. Provided that probability of single 
ionization is linear to excess electron energy, 
and each process is superposed independently, 
the I. E. curve theoretically predicted should 
be as shown in Fig. 3a. The first ionization 
begins at the point O, the autoionization be- 
gins at P, and the second ionization begins at 
R in the theoretical curve. The solid line 
iodicates a step function law and the dotted 
line, a square root law. The curve a and b 
in Fig. 3 are in a very good correspondence. 
The results of the experiment fit the square 


lhe i iz T T eat T ra =T 


d 


(arbitrary units) 


Current | 


on 


peepee 
15 15:5: 16:59 tlh 
Electron Energy (eV) 

Fig. 3. Comparison between the theoritical and 
experimental I. E. curves for autoionization 
process in N,+. Curve a is theoretically pre- 
dicted I. E. curve, the solid line indicates a step 
function law and the dotted line, a square root 
law. Curve b is experimental I. E. curve in 
the present work, and length of vertical lines 
indicate the amount of mean deviation of meas- 
ured points. Curve ec is experimental I. E. 
curve obtained by Clarke. Curve d is I. E. 
curve calculated from Dorman’s first differential 
I. E. curve by integration. 
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root law better than the step function law, 
but a positive conclusion cannot be drawn 
from this owing to scattering of measured 
points. Fig. 3e is I. E. curve for N2+ obtained 
by Clarke using a mass spectrometer which 
has an electron energy selector in the ion 
source. Fig, 3d is integration by the author 
of Dorman’s first differential I. E. curve for 
N2*®. They resemble much in shape. It is 
no wonder that Dorman’s curve has a large 
tailing, in proportion to a large energy spread 
of electron. What should be surprising is that 
a fine structure can be detected by the method 
of Dorman et al. even using electron of so 
large energy spread. A structure correspond- 
ing to this process is not found in the I. E. 
curves by Fox et al., Frost et al.! and 
Cloutier et al. 

As deduced from the above considerations, 
the second ionization potential should not be 
a crossing point, Q, of extensions of two 
linear parts but R in Fig. 3a. Each threshold 
value determined by referring to Fig. 3a is. 
shown in Table 2. This seems to be more 
reasonable than Clarke’s explanation that the 
shape of N2+ curve is due to excitation to: 
vibrational states of N2t, and the second ioni- 
zation potential is defined as a crossing point. 
of the extensions of linear parts. 

Cot 
CO* is similar to Ne+ in electron configura- 


(arbitrary units ) 


Ion Current 


14 15 6 “7, 18 (Oe cOw sei 


Electron Energy (eV) uncorrected 


Fig. 4. I. E. curve for CO+. Arrows indicate 
the positions where successive ionization pro- 
cesses occur. 
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tion. Fox, Hickam and Kjeldass!® reported 
an autoionization process of CO at about 
19eV. The I. E. curve obtained is shown in 
Fig. 4. The I. E. curve for CO+ may be 
divided into three linear parts as N2*. Devia- 
tion of the measured points from .the linear 
‘curve can be observed also at about 16eV in 
addition to about 19eV. From the same anal- 
ysis as used for Net, it proved that auto- 
ionization processes occur at 15.5+0.1 eV and 
18.5+0.leV. Each of the threshold values 
shown in Table III, agree satisfactorily with 


Table III. Threshold values for ionization 
processes for CO+ (eV). 


| eh aa | Photo- Spectro- 
Energy | : : ionization, scopic 
states ae work impact values | values 
values 
a | b c 
X25) |14.11+0.03 14 13.9 14.01 
* | ee OA — Te == 
A2]]T | 16.5+0.1 16.5 16.6 LG 
* 18.4+0.1 — 18.4 — 
B2>> | 19.6+0.1 19.0 20.1 19.67 


a: calculated by the author from reference (10) 
correcting X 2>) state to be 14.1 ev. 

b: reference (18). 

¢: reference-(17): 
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Fig. 5. I. E. curve for Kr+. The curve for CO+ 
is superposed for reference. Arrows indicate 
the positions where successive ionization pro- 
cesses occur. 
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the spectroscopic value and Weissler’s'®) value 
by photoionization. 
Krt 

The I. E. curve for Kr*+ is shown in Fig. 5, 
and the curve for CO* is superposed for re- 
ference. The ground state of Kr*+ is doublet 
of *Ps/2 and *Piy2,and Pi. state lies 0.67 eV 
above °Ps,. state. The extensions of lower 
and upper linear part of Kr* curve cross at 
about 0.7eV above the initial onset, so this 
crossing point seems to correspond to ioniza- 
tion to *Pij;.2 state. However, the I. E. curve 
for Krt+ does not break but bends at about this 
crossing point. This shape of Kr* curve is 
the same as that of Fox et al’. and Frost 
et al!». 

Fox attributed this bending to autoioniza- 
tion. From the previous considerations, how- 
ever, autoionization should produce such an 
I. E. curve as shown in Fig. 3a, and the 
second ionization potential most not be at Q but 
at Rin Fig. 3a. Nevertheless, in this experi- 
ment the difference between the crossing 
point of extensions of two linear parts and the 
initial onset of the curve appears to be 0.7 eV, 
which almost corresponds to the enegy separa- 
tion of doublet. So were the results of meas- 
urements by Fox etal. and Frost et al. The 
bending of I. E. curve for Kr*, therefore, 
cannot be explained by autoionization process, 
unless it is assumed that excitation probability 
abruptly decreases with increase of electron 
energy. Though the autoionization process 
may be one of the possible causes, yet a 
consideration should be given on any other 
causes, such as the one that produced a bend- 
ing in the I. E. curve for A‘. 


§5. Conclusion 


The R. P. D. method is powerful. In case 
of autoionization, however, deviation of the 
measured points from linear curve is certainly 
very small, so that I. E. curve should be ana- 
lyzed carefully. It is not unreasonable that 
Dorman et al. remarked on a doubt on validity 
of the R. P. D. method. However, as proved 
by present experiment on Nz+ and COt, it is 
not very difficult to detect autoionization 
process by a careful study of the I. E. curves 
obtained. In addition, because of a small 
electron energy spread in R. P. D. method, 
the critical energy values obtained have a high 
accuracy and are fully comparable with the 
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Spectroscopic value or data of photo ioniza- 
tion. 

To explain the experiment on Kr*+, more 
knowledge on probability of the excitation 
process is required. The reason of the bend- 
ing in I. E. curve for A* can not be explained. 
A*+ has been used frequently as a calibration 
ion of energy scale in the appearance potential 
study. However, it is proved by this experi- 
ment that initial onset method must be 
adopted when A* is used as calibration ion 
of energy scale and that a true value of ap- 
pearance potential is obtained* in this way. 
Ionization potentials of rare gases and some 
diatomic molecules obtained in this experi- 
ment by means of R. P. D. method and the 
initial onset method using A* as calibration 
ion are shown in Table IV. These agree well 
with the spectroscopic values and the previous 
electron impact data. 


Table IV. Ionization potentials of rare gases 
and diatomic molecules (eV). 


| Previous 


: 

Spectroscopic 
Ions This work eae eC on values 

a | a 
He+ | 24,5940.03| . 24.46 | 24.580 
Ne+ 21.52+0.03 | 21953 21.559 
A+ | 15.755 15.77 15.755 
1 Xroae 14.00+0.03 | 14.05 13.966 
H,+ 15.50+0.03 15.44 15.427 
Not | 15.63+0.02 15.60 15.557 
CO+ 14.11+0.03 Va 14.009 
a: reference (20) 
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The multiple quantum process in the off-resonant condition of the three- 
level gas maser is discussed. The intensity of the emission produced by 
this process is calculated by a perturbation theory and also by a more 
general treatment which is the application of Javan’s theory to the off- 
resonant case. Some graphical representations of the signal line under 
off-resonant pumping are given for the purpose of comparison with ex- 
periment. 

The Doppler effect in three-level maser action is analyzed from both 
semiclassical and quantum mechanical points of view under the presence 
of collision relaxation. It was shown that in a saturation process between 
two levels, Doppler effect behaves as to contribute to both line-width and 
relaxation time for the transition, and that under strong pumping, Doppler 
effect in pumping transition has a marked influence on both intensity 
and shape of the signal line through the effect of multiple quantum transi- 


tion. 


Introduction 


§1. 

The three-level masers have been exten- 
sively studied on paramagnetic solid state 
materials. It is to be noted, however, that 
any other system can possibly be used as a 
three-level maser if there are three energy 
levels between which two appropriate transi- 
tions are allowed. The possibility and use- 
fulness of the three-level gas maser as a 
spectrometer as well as an amplifier has al- 
ready been discussed”-®, and its applications 
to radio-frequency and microwave _ spectro- 
scopy have been demonstrated experimentally 
in certain molecules®.». The three-level 
maser action in gas system involves various 
effects which cannot be treated by a simple 
theory, and the full accounts of these are of 
importance for further development of gas 
maser. 

The first of these is the quantum mecha- 
nical behavior of the three-level maser. It 
brings out various interesting phenomena 
which cannot be predicted from the semi- 
classical theory dealing with only the popula- 
tion change as has been developed by Bloem- 
bergen”. It provides a new type of maser 
action which produces net induced emission 
without the requirement of “negative tem- 
perature” of the system. The quantum 


mechanical theories of the three-level maser 
have been worked out by several authors”’®-!” 
using a density matrix or its equivalent re- 
presentation. However, very few experi- 
ments concerned with these effects have been 
carried out probably because of the experi- 
mental difficulties. 

The three-level gas maser is quite favorable: 
for the study of the quantum mechanical 
effect, because this effect can be realized. 
more easily in the gas maser than in the: 
solid state maser for the following reason. 
The quantum mechanical effect in the three- 
level maser arises from the phase coherent. 
interaction between molecules and radiation 
fields which produces such phenomena as. 
resonant modulation effect in the emission. 
line and multiple quantum transition* like 
Raman process. All such effects increase: 
with increasing pumping power. The general 
condition for the marked appearance of the 
quantum mechanical effect can then be stated 
as that the pumping transition must occur 


* The word of double or multiple quantum 
transition is used sometimes for particular cases 
where two or more photons of the same frequencies. 
are simultaneously absorbed or emitted. Here, 
the word is used for more general cases where 
frequencies of photons are not equal. 
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appreciably within a time of phase coherence 
or transverse relaxation of the system. This 
is expressed in the form as 


Yoel 


ath 
ye 7, es 


(1) 


where € is the electric or magnetic field 
strength of the pumping radiation, » the 
electric or magnetic dipole matrix element 
involved in the transition, 7: the transverse 
relaxation time, and 4y the line-width. In 
the gas system for which 7i:~7:2, where T: 
is the longitudinal relaxation time, Eq. (1) is 
nearly equivalent to the condition for satura- 
tion of pumping transition, and the quantum 
mechanical effect appears with the saturation. 
On the other hand, in the paramagnetic 
materials met in most solid state masers for 
which 7:>7:, the effect appears at the pump- 
ing power level of far beyond the value 
necessary for saturation. The interaction 
energy between the radiation field and the 
dipole moment, é&, is much higher in the 
gas maser than in the solid state maser, be- 
cause the former involves electric dipole 
transitions, while the latter involves magnetic 
dipole transitions. In the same radiation 
field, the interaction energy for 1 Debye, the 
order of molecular electric dipole moment, 
is larger by about 100 times than that for 1 
Bohr magneton, the order of electron spin 
magnetic moment. The line-width of gas 
molecules can be reduced to 100 kc or below 
by lowering the gas pressure, while minimum 
attainable line-width of electron spin reso- 
nance is of the order of 1Mc. These facts 
mean that in the gas maser the condition (1) 
can be attained using the pumping power of 
about 10-*° times as large as the power 
required in the solid state maser, if the cir- 
cuit conditions are the same for both cases. 
The resonant modulation effect in a three- 
level maser is important when the radiation 
is nearly resonant. This has been discussed 
by various authours.?..!%.!2, The multiple 
quantum transition involved in the three-level 
maser action?!) appears in a clear form 
when the three-level maser is operated in the 
off-resonant conditions. The off-resonant be- 
havior has been treated by Yatsiv'! for par- 
ticular condition of frequencies and general 
relaxation processes which can conveniently 
be applied to the case of magnetic resonance. 
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It this paper we shall discuss the theory of 
the off-resonant three-level gas maser in the 
form which is convenient for comparison with 
the experiment to be described in II. Also 
the influence of Doppler effect on the behavior 
of the three-level maser will be discussed be- 
cause of its basic importance and the close 
relation with the off-resonant behavior men- 
tioned above. 


§2. Perturbation Treatment of Double Quan- 
tum Transition 


Consider a three-level system of a gas 
molecule as shown in Fig. 1. The two transi- 
tions (1<3) and (2<3) are assumed to be al- 
lowed and their frequencies are designated 
aS Ypyo and ys, respectively. If the ratio 
Yyo/¥so haS an appropriate value and a large 
radiation power at the frequency vy» is ap- 
plied to saturate the transition (13), then 
the net induced emission at the frequency vso 
will occur as a result of population inversion 
between the levels 2and 3. This is the usual 
three-level maser action in a_ semiclassical 
explanation. 


Fig. 1. Double quantum transition in a _ three- 
level system. 


Quantum theory predicts, however, that 
even when the frequencies of the fields, vp» 
and vs, are off-resonant beyond the line-width, 
the molecular transition can also occur ac- 
companied by simultaneous absorption and 
emission of radiations, if the frequency condi- 
tion 


(2) 


is satisfied. This is the pure double quantum 
transition associated with the three-level 
maser. In this transition process, the mole- 
cule initially in the state 1 makes a transi- 
tion to the state 2 with the simultaneous ab- 
sorption of one photon of hy» and emission of 
one photon of hys, and the molecule initially 


Yp—VYpo=Vs—Vs0=E 


1596 


Tatsuo YAJIMA 


(Vol. 16, 


Table I. 


State of total system State of molecule 
| 


Number of | 
photons, hyp | 
oe | 


Number of | 
Total 
photons, hws | eee 


Wr= Wo 


iuvial Glo} 1 Np | Ns 
. Intermediate (M) | 3 | Ny—1 | Ns Wu= Wo—he 
Final (F) | 2 Np—1 | Ms+1 | Wr=Wo 
in the state 2 makes a transition to the state pt—b)= (F\| SF |M)\(M| FAK \L)  (t—to)? 
1 by the reverse process. Then, net induced : : Wu— W, h? 


emission occurs at the frequency vs; when 
the population of lower state 1 exceeds that 
of 2. 


Let us calculate the intensity of this emis- 
sion by a second order time-dependent per- 
turbation theory using quantized field'*. Al- 
though the same result can be derived from 
a more general equation given later, the 
perturbation treatment may be helpful in 
understanding the essential feature of the 
process. Similar kind of calculation will also 
be useful for the consideration of a more 
complicated case such as triple quantum 
transition. 

consider a quantum mechanical system con- 
sisting of one molecule and two radiation 
fields of frequencies, vy» and vs, which are 
assumed to satisfy Eq. (2). Two radiations 
are here called the pumping and the signal, 
respectively. Suppose the three states of the 
total system as described in Table I. 

The perturbation Hamiltonian for electric 
dipole transition is written as 


SE =— pw (Est Ep) > 
Es=(qstqs*)us 5 
E»y=(ptQv™)Up , 


where KH; and E, are the electric fields, and 
# is the molecular electric dipole moment. 
The subscripts s and p indicate signal and 
pumping, respectively. Here qs, gs*, dv, Qv* 
are the operators representing the amplitudes 
of the fields, whose non-zero matrix elements 
Ae Qn.ni1=Qriin=V A(n+1)/4zv. The vectors 
us and Uy represent space distribution of the 
fields. For simplicity of treatment they are 
assumed hereafter to be uniform and mutually 
parallel. 

The probability that the system which ex- 
ists in the state J at the time ¢) makes transi- 
tion to the state F through the state M during 
a time t—t is given by 


(3) 


(4) 
There are also other transition paths via other 
intermediate states, but these may be neg- 
lected because of their small transition proba- 
bilities relative to the one given above, when 
the frequency deviation € is much smaller 
than transition frequencies of the molecule. 
Using the relation <(E%=E?/2=<2qqu’, 
and considering the situation ”s, #p>>1, Eq. (4) 


becomes 
) ( | to3| Es 
2h 
(BY 


wt-t)=(/ 

where Ey, and Es are the peak electric fields, 
723 and fis: the dipole matrix elements along 
the direction of fields for the transition (2-3) 
and (341), respectively. The reverse process 
where initial and final states are interchanged 
occurs with the same probability as far as the 
spontaneous emission can be neglected. 

When the random collisions of molecules 
with the mean free time t is assumed, the 
rate of net population change between states 
1 and 2, whose equilibrium populations are 
m, and m2, is given by 


pai|Ep 
2h 


ip (t—to)? 
47° E* 


inno) p(t —to) e-'t=to)/* ty , (6) 


Be tease 


Then, the net absorption coefficient at the 
frequency vs becomes 


_ 2(N2—Ni)hysWsW p 
as= 2. 


Pstg? 

_ ( \#eslEs _(le3lEn \ . 
wes ( 2hdy ie o=( 2hdv ) Si 
iy 

Ee ee 


where 4y=1/(2zt) is the half line-width and 
Ps is the incident radiation power at the 
frequency vs, and wy is called a “ pumping 
parameter ” hereafter. 

On the one hand, the absorption coefficient 
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at the center of the transition (23) without 
saturation and pumping radiation is given by 


BI 2(n2 — N3)WshYs0 
Eig : 


Taking the ratio of Eq. (7) and Eq. (8), 
one obtains 


As _ ene ) Wp Vs 
Aso N2—-Ns (a Vso ; 
Considering the situation where hy;, hy»p<kT 
and vs~vs0, it becomes 
pe i 
on 


Aso 


(8) 


(9) 


Qs _ (ae (10) 
Qs Vso 

Eq. (10) shows that as is always negative 
(representing the presence of emission) as 
long aS Ypo>vso, and that |@s| increases pro- 
portionally with the pumping power and 
rapidly decreases with the deviation of fre- 
quency from resonance. 

The intensity of the emission, as, in an 
actual gas can be estimated easily from Eq. 
(10), since a’so and |7i3|2 can be calculated at 
once by the usual method of microwave 
spectroscopy’. 

When w,/g? increases to a value of the 
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order of 1, the saturation of double quantum 
transition occurs, and the approximation used. 
here breaks. 


§3. General Off-Resonant Behavior 


In order to obtain the results for arbitrary 
strength and frequency of two radiation fields, 
the time-dependent schrédinger equation must. 
be solved directly without using the perturba- 
tion theory. A general solution of this prob- 
lem has been obtained by Javan” for the gas. 
system under strong collisions, and the reso- 
nant behavior was discussed. The off-reso- 
nant behavior of the three-level gas maser, 
which has not fully been discussed, is con- 
sidered here together with the examination 
of the validity of perturbation treatment 
given in §2. 

Consider the three-level system as in Fig. 
1, but the applied frequencies, vp» and vs, are 
now assumed to be arbitrary. Then, the ab- 
sorption coefficient as at the frequency vs; for 
small signal power under the pumping radia- 
tion of the frequency vy», and of arbitrary 
power level is given by the following formula 
according to the method of Javan, 


£2 = {tay (R—1) aaa : 


B? 


4{1+(G—9)*} 
(6°—6")(1+262)—1 


ste palace il 
+ {d-a—(R-1)- eon 


an {day +(R 1) = \ 


=f (¢s, Pv, Won, R) ? 
where 


p= és 2+ Ww ys daly —¢ C= 
= mn Lp D > ae Fi 


pie |413| Ep \= 27| p13|*,Po 
=( 2hdAv 


R= p0/¥s0 5 
Ps=(Ys— Ys0)/(Av) , 
Pv=(Yn—Ypo)/(Av) , 


~~ 3ch?(Av)2S ’ 


(1+-46?)}{1+(8—6)?H{1+(6+6)"} 


(11) 


Pov 
08. 


us 1 
[di8]?=—3 [sal , 


A4v=1/(2zt) , 


Here as is the absorption coefficient at vs=vs0 without pumping, P) the pumping power for 
plane polarized wave, S the cross-sectional area of the power flow. . 

Eq. (11) is equivalent to Eq. (16) plus Eq. (19) in Ref. (2), but here the expression has. 
been slightly modified for the convenience of studying off-resonant behavior and of numeri- 


cal representations of the results. 
also used as before. 


In Eq. (11), the approximations v5/ys~1 and hy/kT<1 are 


When we have vp—vs=Ypo—Ys0 OF Yr=Ys=", Eq. (11) reduces to a relatively simple form 


as 


as  (1twy)(1+4wpt¢*)—Rw {31 +w) +9") 


(12) 


Aso 


(1+4w»+¢*){(1+we)?+¢"} 


1598 


For g=0, it reduces to 


as (1+4wp)(1+w») * 


‘This is a relation for the resonant three-level 
gas maser. For g*>1, Eq. (12) approaches 
to the asymptotic formula 


(13) 


R =’po/ ’so=lO 


Pp 


10" 


Intensity of signal line at ¢s 


’s—vso 
Av 


(0) | 10 
Frequency deviation from resonance, ¢s= 


(a) 


10’ 
a 
7s 
i] 
~-& 

<2 

45/0 
® 
& 
To} 
= 
a 
(p) 

S10” 
aa 
G 
5s 
13 

1O 
bs — v | 
Frequency deviation from resonance ee 


(b) 
Fig. 2. Signal intensity in a double quantum 
transition, when ypy—Ypy=Vs—Vo0. 
(a) Ypo/Yso=10. (b) Y po/Ys0 = 4/3. 
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2s, SOUGOKK 2Uuy (14) 

ano PF ¢ 
The first term represent the tail of original 
absorption line arising from the first order or 
the single quantum transition between levels 
2 and 3. The second term represents the 
emission due to the pure double quantum 
transition which is in full rgreement with 
the result of perturbation theory given by 
Eq. (10). Note that, when wy>1/(R—1), the 
double quantum transition dominates over the 
single quantum transition and the emission 
can be obtained. | 

Eq. (12) is plotted as a function of nor- 
malized frequency deviation, g, in Fig. 2 (a), 
(b) in order to show a saturation behavior of 
the double quantum transition. The dotted 
lines represent the result of Eq. (14). It can 
be seen from Fig. 2 that the perturbation 
treatment is approximately valid in the region 
where g=wy. Also, as shown in Fig. 2 (b), 
appreciable emission can occur at a_ sufh- 
ciently off-resonant region even in the case 
of R<4/3, where the emission does not occur 
for g=0 at any pumping power level. 

In addition to the saturation of intensity, 
the frequency shift of the double quantum 
transition from the relation ¢s=@p» occurs 
when w,/¢g? becomes fairly large. Therefore, 
in the region where saturation effect cannot 
be neglected, the peak intensity of emission 
is somewhat higher than that indicated in 
Fig. 2. It can be seen from Eq. (11) that in 
general two peaks of emission or absorption 
in a single line occurs approximately at 


5 (15) 


When the pumping frequency is far off- 
resonant (¢»*>1), one of the peaks approaches 
to the center of the original line, and the 
other peak goes to the emission line cor- 
responding to gp=@s. For wy/g»?<1, Eq. (15) 
can be expanded in powers of w»/g»?, and 
the latter peak occurs at 
e=o(1 +} ee ibn 
Yop 


This represents the frequency shift of the 
double quantum transition in the first order 
approximation. It is noted that in this ap- 
proximation the fractional frequency shift of 
the double quantum transition is proportional 
to its intensity. This can be explained in 


il 1 aie 
Ps=—Opxe (e+ w») 5 


(16) 


1961) 


the following way. For appreciable occur- 
rence of the higher order transition such as 
double quantum transition, considerable mix- 
ing of the two states by a strong pumping 
field is necessary. This causes a frequency 
modulation of wave functions which depends 
on the field intensity, and then results in the 
shift of transition frequency from that of the 
pure double quantum transition. Thus the 
intensity and the frequency shift of double 
quantum transition are unseparably related. 
Further, because the frequency shift of the 
double quantum transition at off-resonance 
can be considered to arise from the same 
origin as that of the resonant modulation 
effect which splits the emission line at reso- 
nance, the multiple quantum effect and the 


0s 
$p=O 
-| 20 
R=po/vso =9.47 
e (zstEp b: 3 
Wer ae tue > 


emission 


emission 
ot | 
Dee. 


(b) Wp=1/4 
Fig. 3. Shape of signal line under off-resonant 
pumping. The dotted curve shows absorption 
line without pumping, and the vertical lines 
indicate the position of ys=@p. 
(a) Wp=3. (b) wp=1/4. 
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resonant modulation effect in thé three-level 
masers are also closely related. That is, 
when one of the effects is large, the other 
effect is also large. 

The whole behavior of the three-level gas 
maser from resonance to far off-resonance 
is clearly represented by plotting the shape 
of signal lines according to Eq. (11). This is 
shown in Fig. 3 (a), (b). For relatively strong 
pumping, the effects of resonant modulation, 
frequency shift of double quantum transition, 
and the double quantum emission line at far 
off-resonance are illustrated notably in Fig. 3 
(a). On the other hand, for a weaker pump- 
ing, all the above effects scarcely appear as 
shown in Fig. 3 (b). The value of F# in Fig. 
3 is that of the three-level system used in 
the experiment to be described in II, and 
then these curves can be directly compared 
with experiment. 

In actual molecules, each spectral line of 
the three-level system consists of several 
Stark or Zeeman components which coincide 
in frequency without external static field. 
Therefore, the above treatment is not exact 
but only describes an average characteristics, 
because individual components have different 
dipole matrix elements and hence show dif- 
ferent behavior in a pumping process. Cor- 
rect account of this effect will result in some 
deviations from the results given above. 
However, we shall not deal with the effect 
here since it complicates the problem very 
much, 


§4. Doppler Effect 


In general, the effective operation of a 
three-level gas maser is achieved at a low 
pressure, where Doppler broadening may no 
longer be neglected against pressure broad- 
ening. In this section we discuss the Doppler 
effect in a three-level gas maser where arbi- 
ary ratio of pressure broadening and Doppler 
broadening of a spectral line occurs. Before 
proceeding the calculation, we make following 
assumptions to simplify the problem. 

(a) The molecular collision is hard, i.e., 
the radiation process is perfectly interrupted 
upon each collision, and immediately after 
collision the molecules redistribute their velo- 
city as well as their internal energy accord- 
ing to the Boltzmann law. 

(b) The presence of radiation fields does 


1600 


not affect the above distribution immediately 
after collision. 

These assumptions may be a good approxi- 
mation in treating the electric dipole transi- 
tion of gas molecules at microwave frequen- 
cies. Under these assumptions, each radiation 
process between two successive collisions can 
be considered as an elementary process which 
is statistically independent. Then, Doppler 
effect in any radiation process can be calcu- 
lated simply by averaging the process over 
the Maxwell-Boltzmann velocity distribution 
of molecules. 

Consequently, when the Doppler effect is 
taken into account, a physical quantity, nF(v), 
should be replaced by the form 


nls Fly+-va) fo-exp (—q?va*)dva , (17) 
where 
Gof NN, 
o= (ser) ya” 


Here 2 is the equiliblium population of a 
level, » the applied frequency, and (dy)a the 
Doppler width*. 


(i) Semiclassical Aspect 

Semiclassical approximation of the three- 
level maser action requires that the actions 
of two radiation fields, the signal and the 
pumping, can be considered separately. That 
is, the role of the pumping is only to change 
the populations of levels, and the signal re- 
sponds to only the change of population 
regardless of the pumping mechanism. 
Further, in an ideal gas system the satura- 
tion of one transition does not affect the 
population of the other levels, because of the 
equal relaxation times between various levels. 
Then, the problem may be separated into 
two parts. The first is the saturation be- 
havior of the pumping transition under Dop- 
pler effect, and the second is the one con- 
cerned with the signal. Since the latter is 
essentially the same problem as that in usual 
spectral lines, the former is considered first. 

Suppose that a strong radiation of frequency 
vy is applied between two levels, 1 and 3, 
whose separation is ») in frequency. Then 
the net population change, 4nzs—An1=24ns, is 


= The relation between (4y)q¢ and the usual 


half Doppler width (4y)a* is (4y)a*=/In2(dy)q 
=0.832(4v)a. Here (dy) is used as a Doppler width 
for convenience. 
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given by the theory of saturation effect as 
4Wy 


1+47?(y—v9)*r?+4wWp 


|7t13| Ep )? 1 
emg AION eM ee 
x fae Sibir 


where m and ms are the equilibrium popula- 
tion of levels, 1 and.3, (4v)p the half-width 
due to pressure broadening. Under the 
presence of Doppler effect, the fractional 
change of population becomes by using the 
formula (17) 


24ns _ 4Wq \". 
Fir— hs or /GA 7 


2413 =(1— Ns) » (18) 


exp (—q?va?)dva 
ol t4n*{vat(y— vo) Pr? +4up 
(19) 
When v=, it becomes after some change 
of variables 
24n3 


4W yp 


ni—ns  1+4wWp G(rV 1 +4») , (20) 
where 
Cw re| ie Co ah 
and 
r= —t = (aye 
(2x7) (Av)a 


Eq. (20) gives general formula of fractional 
population change between two levels for 
arbitrary power level and Doppler broadening, 
and the result of numerical calculation is 


O 


Fig. 4. Fractional population change in a satura- 
tion process between two levels under Doppler 
effect. 


**k The function G(a) can be transformed in the 
form 


Gia) =aer%(y = —2),e-Hadt) , 


whose asymptotic expressions are given by 


Yes Oral 
5 pease ee for a>) 


~a(V x —2e+V 5 a2—---) 


G(a)~1 


for wat 
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given in Fig. 4. 

By a similar approach, the absorption co- 
efficient at the center of a line without satura- 
tion effect is given by 

a=aG(r) , (21) 


where a is the value of a without Doppler 


effect. Then, a relation 
_ (dv)p 
OO aS ie (22) 


can be obtained, where (4y)r is the total line- 
width including both pressure-width and 
Doppler-width. 

The Doppler effect at pumping frequency 
in the three-level gas maser is considered to 
affect the signal intensity through the popula- 
tion change. When hyy»<kT, the general 
expression for the absorption coefficient at 
the center of the signal line including Doppler 
effects in both signal and pumping frequencies 
can then be given by 


2WpRG(reV 1+4wp) 
ls — 2 i Ses Z D Dp) A 
a of 1+4wW»p beter, 


(23) 
where 
ss (4v) p/(4v)ap : 


Here (4v)ay is the Doppler-width for the pump- 
ing frequency, and as) the value of as with- 
out pumping and Doppler effect. 

Now, returning to Eq. (20), we consider the 
physical meaning involved in it by examining 
some special situations. 


REY yo/Vs0 ; 


107 


’ 4\WNp sat 
Q 


Normalized power for saturation 
le) 


lo" | ie) 
r= (Ax)p/(Ar)g 
Fig. 5. Normalized power for saturation as a 
function of r=(dv)p/(4v)a. (A) and (B) are the 
approximate relations, and (C) is the exact 
curve. 
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(a) The case of saturation 

We choose the value, 24ns/(m:—ms)=1/2, as. 
a representative level of saturation, and will 
then plot a normalized power necessary for 
saturation, 4wWp sat, aS a function of r= 
(My)p/(4v)a. The result is shown in Fig. 5 
together with two approximate relations (A) 
and (B) designated below. 


[13 |?-Ey? 


(A) 4p, saG(r)= (dv), d)p =1 (24) 
/ , Ais? B® = 
(B) 4p, satG?(r) play? =. (25) 


According to a simple saturation theory”, 
(A) means that Doppler effect contributes: 
only to line-width, i.e., to transverse relaxa- 
tion and not to longitudinal rexation, while 
(B) means that Doppler effect contributes 
equivalently both to transverse and longitudi- 
dal relaxation. At first sight, (A) seems to 
be a good approximation because Doppler 
effect is not an energy dissipating process. 
Fig. 5 indicates, however, that (B) is clearly 
a better approximation for r<l1 (Doppler 
broadening dominant) although (A) is better 
for rv >1 (pressure broadening dominant). 
This fact has already been pointed out by 
Shimoda’), but it is proved here more ex- 
plicitly. The asymptotic forms of the three 
curves for r<l1 become 


, 1 1 
(A) 4W sat PAE ne 
1 1 
(3) “Wipjeee === Osi (26) 
Toi v2 


1 ey? 1 
(C) 4wWp,sat =7,{6-(5)} Sola eer , 


The discrepancies of the numerical factors 
between (B) and (C) varies to some extent 
depending on the selection of saturation level 
and the definition of total line-width, and 
therefore is not essential. 
(b) Weak field case 
Eq. (20) can be expanded in powers of wp 
and by using Eq. (22) it becomes 
ee ET eer Co 
N1—N3 (Ay)r 
This may be interpreted as that Doppler effect 
behaves in a manner described in the rela- 
tion (A) at the early stage of saturation. 
Semiclassical treatment of Doppler effect in 
three-level maser action is, of course, a rough 
approximation in cases of gases, but it will 


(27) 
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serve as a method of order estimation of the negative for emission) ’of the*gas at the signal 


effect. ' frequency vs under the presence of pumping 

Gi) Quantum Mechanical Aspect radiation at the frequency »» has been given 
From the quantum mechanical point of by Eq. (11), 

view, the actions of signal and pumping as=A0f (Ys, Yr, Wv, R) , (11’) 

radiations in a three-level maser cannot be The expression of as including Doppler 

treated separately, and they must be con- shifts of both the -signal and the pumping 

sidered simultaneously. frequencies can be derived in a similar man- 


Consider a three-level system as discussed ner as before in the form 
in §38. The absorption coefficient (being 


av=ain| I(qrten X+@Qp, Wp, R) Fe exp (- rp° BEBE (28) 


where 
m 3G (Ay) » 


Here (dy), is the pressure-width, (4yv)a» the Doppler-width for the pumping frequency. Since 
Eq. (28) is too complicated to be discussed generally, we shall consider some special cases 
to clarify the essential features of the effect when the quantum mechanical effects are im- 
portant. 

In the case when R=vy/vs0s>1, the Doppler effect at the signal frequency and the terms 
(1+a)?, (1—a)?, (l—a*) in the function f can be neglected. Further assume vp=yp (reso- 
nant pumping). Then, Eq. (28) becomes 


As 


=|" Ff (Ge, %, We, R)—2=exp (—1rp°x?)dx . (29) 
Aso - Va 
Eq. (29) means that in this case the total shape of the signal line can be given simply by 
superposing various line components for off-resonant pumping as has been shown in Fig. 3 
with a weight factor of Boltzmann distribution. Then, it becomes clear that for large pump- 
ing power level Doppler effect at the pumping frequency affects not only the intensity of 
the signal line, but also have a large influence on the shape of the signal line, due to the 
double quantum transition which is considerably strong even in the far off-resonant condi- 
tions. 

For strong pumping, w,>1, the third term in the function f can be neglected and Eq. 
(29) reduces to the form 


ae W pp R—1) [ 1 \" il Apter 
Aso V x {(l+¢s? — wp)? +4w9s?} LV wp UG) ee exp (— 47 y'wpx?)dx 
= 1 
~29" 52 ee exp{—rp’NMxt+o)*}dx + (wrtgs?— Si pier (-rtNa+o}}ds | : 
(30) 
where 
N=(1 ae Ne c= gs(1+es?—wWp) 
eee (1+¢3?+wp) 
When 7»>1, it reduces to the equation for no Doppler effect 
as 1 1 1 
= ——(R-1 = at : 
a, Hava tiewWart oy LQ aes ar} GL 
When 7,<l, it approaches to the asymptotic formula 
Ws 8 (RIV Wl Wot 89) — Wel —we— oe) (32) 


Aso (1-—wWp+¢s")? +4w ys? 
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The solutions, (31) and (32), are compared in 
Fig. 6 (a), (b). 

For 7»<1, the doublet structure in the emis- 
sion line disappears, and it becomes a broader 
single line having a normalized half-width of 
about 4gs~7/w,. This can be interpreted as 
that the Doppler broadening at the pumping 
frequency is converted partly into the signal 
line through the double quantum transitions 
and hence the broadening of the signal line 
occurs. This Doppler-broadened signal line 
will split into doublet again, if the pumping 
parameter wp» is increased to a larger value. 
This can be proved from Eq. (30) in a way 
that, when w,—o, the ratio, as/a’s) at gs=0, 
approaches to zero, while as/as at gs=V wy 
approaches to a finite value of —(R—1)G(27,)/4 


= a 
2s0 rp(R) 


Curd aen 1246, 


-2 -8 -4 
(b) tp< | 


Fig. 6. Comparison of signal line-shape between 
two cases. (a) no Doppler effect (r»—) and (b) 
large Doppler effect (rp<1). T p= (Av) p/(Av)an- 
W p=|p13|2E p2/[4h?(4v)]. R=vpo/vs0>1. 


where G is a function given in Eq. (20). 

The Doppler effect is particularly important 
when the three-level gas masers are applied 
to the following cases (a) and (b) where Dop- 
pler broadening in pumping transition domi- 
nates over pressure broadening. 

(b) Gas pressure is extremely low as in 
the case of high resolution radio-frequency 
spectroscopy of the signal transition”. 

(b) The pumping frequency lies in a 
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shorter wavelength region as in the case of. 
detecting the pumping transition in that fre- 
quency*).®), or in the case of signal amplifica- 
tion by the useof such a pumping frequency.. 


§5. Concluding Remarks 


In order to understand the basic charac-. 
teristics of the three-level gas maser, two: 
problems were theoretically discussed. The 
one is the multiple quantum process in the: 
off-resonant conditions and the other is the: 
Doppler effect which has a close relation with 
the former. In conclusion we shall discuss: 
briefly some related problems concerned with 
the quantum mechanical behavior which have: 
not been mentioned. 

An important special case of the off-reso- 
nant three-level maser occurs when the sepa-. 
ration of the levels 2 and 3 in Fig. 1 becomes: 
so small that a condition, vs<E<ypo, holds. 
A number of energy level schemes applicable- 
to such situation can be found in the rotatio-- 
nal spectrum of slightly asymmetric mole-. 
cules. This is essentially similar to the two-- 
level Raman-type maser discussed by Javan"®),. 
because the latter requires that at least one: 
of the two levels is degenerate for the case 
of gas, and indeed it can be considered as a 
limiting case of the above situation. How- 
ever, the equations for this case cannot be- 
obtained simply by taking a limit of vs—0» 
in the present equations, because various. 
approximations used here become invalid in 
such a limiting case. 

When any energy level of a _ three-level 
system has a structure composed of closely 
spaced levels such as hyperfine levels or ac- 
cidentally lying near-by levels, a complicated 
situation will occur. A strong pumping 
radiation will mix up many such quantum 
states, and then all these states will interact 
with the radiation simultaneously. 

In the three-level system we can obtain the 
net induced emission only by a pumping 
source at the frequency higher than that of 
the signal, although the quantum mechanical 
effect widely extends the condition for the 
occurrence of induced emission. However, 
it can easily be shown that the net induced 
emission can be obtained by using lower 
frequency pumping for a wide range of condi- 
tions, if the triple quantum transition in a 
multi-level system is used. Although it may 
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be hard to obtain a strong emission sufficient 
for practical use by this process, it will serve 
asa method of generation or amplification 
of shorter microwaves in some cases. 

The complete understanding of the above 
problems requires another elaborate analyses 
‘starting from fundamental equations. Full 
discussion on these problems will then be 
postponed. 
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Absorption, emission and excitation spectra of KCl:Pb and KBr:Pb have 
been measured at various temperatures. These observed spectra are 
similar to those of KCl:T1, and the absorption bands seemed to be due 
to transitions in Pb++ ions which occupies the normal positive ion sites. 
The two principal excited states are !P, and *P, of Pb++ ion. 273 mp 
absorption, 345 my emission in KCl:Pb and 302m, absorption, 365 mu 
emission in KBr:Pb are attributed to 3P,—!S, transitions perturbed by 
surrounding host lattice ions. The excitation to !P, state does not mani- 
fest any distinct emission which is different from the case of T1 activat- 
ed phosphors. The near ultra-violet emission suffers violent thermal 
quenching at room temperature, and the activation energies of these non- 
radiative process are found to be 0.28eV and 0.18eV for KCl:Pb and 
KBr:Pb, respectively. 

Several discussions using a single configuration coordinate model are 


given. 
$1. Introduction 

It may be considered that the studies of 
alkali halide phosphors provide several funda- 
mental informations about the luminescence 
process, since these phosphors have relative- 
ly simple structure among the inorganic 
phosphor. Pohl and his’ collaborators?.”) 
studied the optical properties of various alkali 
halides activated by a small amount of heavy 
metal ions and found the characteristic ab- 
‘sorption bands existing on the long wave- 
length side of the fundamental absorption 
band of the pure substance. 

In most cases, the luminescence can be 
observed by the excitation of these character- 
istic bands. However, detailed investigations 
including emission process about these phos- 
phors have not been carried out except for 
the thallium activated one. The absorption 
spectra of lead activated alkali halide phos- 
phors have been investigated by several 
authors?), and the positions of the absorption 
peaks were summarized in the recent publi- 
cation®. The emission spectra of these phos- 
phors, on the other hand, have received little 
-attention*’:®. 

The theoretical approach to simple inorga- 
nic phosphors has been developed by von 
Hippel® and Seitz’) by introducing a configu- 
ration coordinate model. These were applied 


to thallium activated potassium chloride 
quantum mechanically®’, and also semiempiri- 
cally”. A general interpretation of these 
luminescence center has been given by these 
treatments, but several criticisms on these 
treatments were presented’, so further tests 
of these points are important. 

The author made an attempt to investigate 
the absorption, emission and excitation spectra 
of lead activated potassium halides, and con- 
sidered the properties of the luminescence 
centers in connection with the thallium 
activated alkali halides. 


§2. Experimental Procedures 


Single crystals of KCl:Pb were grown from 
melts of pure alkali halides and lead halides 
of reagents grade purity, using the Kyropou- 
los technique. Any special treatment on the 
exclusion of trace impurities in the pure 
reagents was not conducted*, and single cry- 
stals obtained from the same alkali halide 
reagents were used as standard substances 
for optical measurements, and the effects of 
trace impurities were considered by relative 
measurements with respect to the standard 
substance. 

Concentrations of lead in the single cry- 


* These metal impurities introduced in single 
crystals were estimated to be about 10-° mole. 
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stals were analysed by the following chemi- 
cal method. The lead in the crystals were 
converted to precipitation of lead chromate, 
and the quantities of lead ions in the precipi- 
tate were volume-metrically determined by 
means of iodometry. The lead concentrations 
in the crystal were about one tenth of the 
lead concentration of the melt, and there 
were some variation of the concentration af- 
fected by the position of same grown crystal. 

The crystals grown from the high concen- 
tration of lead halide, i.e. above 0.3 mole 
percent PbCl. melts, were transparent at 


Pig. 2. 


a) measurements of absorption spectra. 


Experimental arrangements for 


b) measurements of emission spectra. 
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above 300°C. Cooling to room temperature, 
however, they became opaque indicating that 
colloidal aggregates of lead ions were grown 
in the crystal. As these crystals did not 
show efficient luminescence, and were con- 
sidered to have more complex structure of 
luminescence center than the crystals of low 
lead concentrations, optical measurements for 
these crystals of high lead concentrations 
were not carried out in the present study. 

A cryostat was designed to hold a crystal» 
sample at any temperature between about 
70°K and 400°K for sufficiently long time for 
optical measurements (Fig. 1). It has double 
Dewar containers having radiation shield and 
a relatively large sample holder made of cop- 
per block. The temperature was measured 
with a copper-constantan thermocouple which 
was placed close to the sample. The experi- 
mental arrangements are shown in Fig. 2a, b, 
and detailed explanations are given in the 
next section. 


§3. Experimental Results 


a) Absorption spectra 

Absorption spectra of Pb-activated alkali 
halide single crystals were measured with an 
automatic recording spectrophotometer at 
room temperature. The measurements at 
various temperatures were performed with 
two monochromators and a cryostat arrange- 
ments shown in Fig. 2a. This reduces the 
error introduced by the fluorescence of the 
crystal to negligible amount. The absorption 
curves were measured referring to the non- 
activated single crystals adjusting the absorp- 
tion coefficient of each crystals to zero at 400 
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Fig. 3. Absorption spectra of KCl:Pb at room 
temperature. The concentrations of lead added 
to the melt are a: 0.1 mole %, b: 0.03 mole % 
c: 0.005 mole %. 
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my, where they were considered to be trans- 
parent. 

The observed absorption spectra at room 
temperature are shown in Fig. 3 and Fig. 4 
for various Pb-concentrations. The absorp- 
tion at 273 my (hereafter will be called the 
A-band), found by previous investigators as a 
characteristics band of lead activator®’, is also 
evident in the present figure (Fig. 3). An- 
other band had been found by earlier investi- 
gators at 196myz (B-band) for KCl:Pb. As 
our equipment is unreliable below about 
220 mz, we could not study the behavior of 
this band. But the rise of the absorption 
curves at the short wavelength region may 
correspond to this band. A small hump ap- 
pears at 247my in the KCl:Pb spectra. But 
as it seems to be independent with the con- 
centration of lead in the crystal, this band 
may be due to some impurities such as thal- 
lium. Increasing the concentration of lead, 
the absorption coefficients of A-band increase 
namely proportionally to the lead content, 
and bands corresponding to paired centers 
did not appear in the present studies. 
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Fig. 4. Absorption spectra of KBr:Pb at room 
temperature. The concentrations of lead added 
to the melt are a: 0.1 mole %, b: 0.02 mole %, 
c: 0.005 mole % (absorption coef. x2). 


The oscillator strength of A-band is cal- 
culated with the Smakula’s equation": 


n 
(n2--2)* 
where f is the oscillator strength, : the 
index of refraction, N: the concentration of 
the center per unit volume, am: the maxi- 
mum absorption coefficient in reciprocal centi- 
meter, and W: the half width of the band in 
eV. Using the observed absorption data and 
the concentration of lead in the crystal, this 


Nf =0.87 x Ug Am Wcm-3 ( 1 ) 
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value is found as 0.075 and is nearly the same 
as that of 247 my band in KCI:Tl”. 

In KBr:Pb, strong two bands appear at 
about 302my (A-band) and 227 my (B-band), 
and these also agree with the results of 
earlier measurements. In the present investi- 
gation, however, two new bands are observ- 
ed at longer wavelength side of A-band and 
at about 272my. As shown in Fig. 4, 302myz 
band is asymmetrical, falling off in intensity 
more sharply at the shorter wavelength side 
than at the longer wavelength side. This in- 
dicates overlapping of another absorption 
band at the longer wavelength side. By the 
low temperature measurement, this point was 
justified, showing a small absorption band ap- 
pears at 308 my at —190°C (Fig. 6). 

The asymmetric shape of 302my band is 
independent of the lead concentration, and 
found in the crystals even at very low lead 
content, then the center corresponding to 
this band may be considered as single Pb ion 
near a lattice defect rather than pairs of Pb 
ions. A similar result was found in the ex- 
citation spectra of NaCl:Pb showing that the 
asymmetrical 273 my band (may correspond 
to A-band of NaCl:Pb) was consisted of two 
excitation bands*. 

Another new observed band around 272 mz 
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Fig. 5. Absorption Spectra of KCl:Pb at various 
temperatures. The concentrations of lead add- 
ed to the Melt are 0.03 mole %. 
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is seen in Fig. 4 in a crystal at higher lead 
content, and is more sharply resolved by an 
excitation measurement disclosing this band 
consists of two band. 

Burstein and his associates!?) showed that 
the absorption spectra of NaCl:PRb are very 
sensitive to its thermal history. In the pre- 
sent study, however, it is found that A- 
absorption bands of KCl:Pb and KBr:Pb are 
not almost altered by thermal treatments. 
In KBr:Pb, however, the absorption band at 
272 my and the longer wavelength tail of B- 
band are fairly sensitive to its thermal treat- 
ment or a strain in the crystal. Comparing 
with the results of Burstein and his associates, 
it may be considered that the states of lead 
jon in potassium halide are more stable than 
that in sodium halide. 
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Absorption Coefficient [cm] 
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Fig. 6. Absorption spectra of KBr:Pb at various 

temperatures. The concentration of lead add- 
ed to the melt is 0.005 mole %. 


A: —190°C, Bi—100°C, C: +25°6 
The temperature variation of the absorption 
‘spectra was studied in detail on the A-band, 
and some of these results are shown in Fig. 5 
and 6. In the KCl:Pb, the peak of the ab- 
sorption band is shifted to the shorter wave- 
length side, and the band becomes sharper 
with lowering the temperature, but the integ- 
rated absorption area is nearly constant. 
These behaviors are similar to the F-center 
in alkali halide crystals. Similar results are 
obtained in the KBr:Pb, but in this case the 
band is asymmetric, as stated above, with 
lowering the temperature this band splits, 
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and additional peak appears at longer waye- 
length side. 

By configuration coordinate (C.C.) model, it 
is suggested that the absorption and emission 
band of luminescence center are Gaussian in 
shape as a first approximation. Hesketh and 
Schneider!’ discussed the absorption curve of 
F-center and derived an empirical expression 
of the absorption curve as follows: 

(2) 
where a and a are constants, a: the coeffi- 
cient of absorption, 6: a constant which 
should be 2 for the curve to be Gaussian, EF: 
the photon energy of the light at which @ is 
measured, E,: the photon energy of the peak 
of the absorption curve. Fig. 7 shows a plot 
of (In a)/a)'/? as a function of FE under the 
assumption that the absorption curve is Gaus- 
sian, wherein the constant a seems to be of 
different values in the right and left side of 
the absorption peak. The constant {a| at 
higher energy side of FE is slightly larger 
than that of lower energy side at liquid 
nitrogen temperature. However, at higher 
temperature these difference is not detected*. 
In any case it is seen from Fig. 7 that A- 


a=a, exp[—a(E—E,)’) 
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Fig. 7. Gaussian plots of the absorption bands 
for KCl:Pb (0.03 mole %) 
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* Markham!4) attempted to synthesize more 
rigorous theory on the band shape and the half 
width of the absorption band. 
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absorption band of KCI:Pb is nearly Gaussian 
in shape above the liquid nitrogen temperature. 

The variation of the bandwidth with tem- 
perature is shown in Fig. 8 for KClI:Pb, 
wherein the bandwidth at half maximum, 
normalized at 300°K, are plotted against 7/2 
in order to show the approach at high tem- 
perature to the 7/2 dependence of the width 
of absorption curve. The C.C. model predicts 
that the width of absorption band at half 
maximum, W., is given by 


W.=Al[coth (hyg/2kT )}' (3) 


where A is a constant, h: Planck’s constant, 
k: Boltzman’s constant, and JT: the absolute 
temperature. In this expression vg is a vib- 
rational frequency which influences the cen- 
ter in its ground state. From Fig. 8 it is 
clearly seen that experimental points best fit 
the solid curve when Eq. (3) is used by 
choosing vg=3.6 x 102 sec7?. 
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Fig. 8. The temperature variation of the ab- 


sorption band width at half maximum for 
KGIe Pb. 

@® 0.03 mole % Pb 

+ 0.005 mole % Pb 


In KBr:Pb, these plots are not shown, 
since the absorption bands are not Gaussian 
in shape and have overlapping of other band 
at higher temperature. 


b) Emission spectra 

The ‘apparatus used in this study consists 
of following arrangement. A monochromator 
with a hydrogen lamp was used for the ir- 
radiation of the sample. The fluorescence of 
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the sample was observed with another mono- 
chromator and a 1P28 phtomultiplier in the 
direction normal to the exciting light (Fig. 2b). 
The latter monochromator, which has a band 
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Fig. 9. Emission spectra of KCl:Pb at various 
temperatures. The concentration of lead added 
to the melt is 0.03 mole %. 

A: —190°C, B: OC; 
Cz -50°C, D: +80°C. 
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Fig. 10. Emission spectra of KBr:Pb at various 
temperature. 
The concentration of lead added to the melt 
is 0.1 mole %. 
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pass of about 5my at 350my, is calibrated 
for spectral transmission and sensitivity of 
the phototube, in order to ascertain the real 
shape of the emission spectra. 

The emission spectra were studied under 
the irradiation of light in the A-absorption 
band. Typical emission spectra are shown in 
Fig. 9 and 10 at various temperatures. The 
emission spectra consist of intense near 
ultra-violet band and weak visible band. As 
the visible band is very weak, special care in 
measurements are necessary for accurate de- 
termination of the peak position and the band 
shape. The peak of the near ultra-violet 
band lies at 345my for KCl:Pb and 365my 
for KBr:Pb at room temperature. These 
peaks shift toward the red in passing from 
chloride to bromide, in accordance to the 
general rule of alkali halide phosphors. 


10 Ne 
z \ wey 
N [i - 
° / 
\ \ f / 
x / 
\ \ i Hi 
0.85 ‘\ \ if / 
\ ae ° i / 
x, \ / x 
mn Noe Ee 
Lad \ \ / / 
= Nae Ba 
30.6 ‘ Aa 
— \ y 
£ pores on ei 
- x “ / / 
\ oh 
\ HRS, 
L \p Oy 
0.4 NA ie 
x! ees 
Vint / x/ 
SY pt 
a 
ce) 
O2r KV fi 
aN ox 
\ i! 
4 /p 
: is 
" 
O fan 1 41 of 
4 She) Sil 35 33 


Photon Energy [eV] 


Fig. 11. Gaussian plots of the emission bands 
for KCl:Pb (0.03 mole % Pb). 


INO GEE s Ce e-952C. GAG ine. 

By lowering the temperature, the peak of 
the emission band also shifts toward the short 
wavelength. The shape of the emission band 
is nearly Gaussian as shown by Fig. 11, in 
which (In J,/I)'” is plotted as a function of 
the emission photon energy. Here J) and J 
are the emission intensities at the peak of 
the band and photon energy E, respectively. 
These plots fairly well fit into equation similar 
to (2), showing that the observed near ultra- 
violet emission band is not a composite band 
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but a single emission band. 

Fig. 12 shows a relation between half maxi- 
mum band width and the temperature. 
Points indicating the observed values also fit: 
the solid and dotted curves, by assuming ve: 
4.010! sec-!. and 3.0x10!sec~!. for KCI: 
Pb and KBr:Pb, respectively. Here vy of 
Eq. (3) is replaced by »- which corresponds: 
to a vibrational frequency that influence the: 
luminescence center in its excited state. 
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Fig. 12. The temperature variations of the 


emission band width at half maximum. 


KCl:Pb —@— 0.03 mole % Pb 
—B— 0.1 mole % Pb 
KBr:Pb --©O-- 0.02 mole % Pb 


Extrapolating these curves, we get the values: 
of half maximum band width at O0°K as. 
0.26eV and 0.20eV for KCl:Pb and KBr:Pb, 
respectively. 

Fig. 9 and 10 also show that the fluores- 
cence of lead activated potassium halides are 
greatly enhanced at low temperature. By 
detailed experimental investigation about the. 
temperature variation of the emission inten- 
sity, it is justified that the probability of non- 
radiative transitions to the ground state is. 
appreciably large even at room temperature.. 
At liquid nitrogen temperature, however, it 
is found that the quantum yields of these: 
emission are nearly unity by relative measure-. 
ments with KCl:Tl phosphor, which is re- 
ported to have a quantum yield of unity for 
305 my emission band. 
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Fig. 13 shows the results of these measure- 
ments. The probability for these nonradiative 
‘transitions may be expressed as 


Po=s exp (—E)/kT) , (4) 
where, Eg and s are activation energy and 
frequency factor. It may be considered that 
the probability of a spontaneous emission, 1/r, 
is temperature independent as a first approxi- 


mation, then the luminescence efficiency, 7, 
is given by 


n=[1+st exp(—Ea/kT)}" . (5) 


In Fig. 13, the luminescence intensity 
normalized at lowest temperature values is 
plotted on a logarithmic scale as a function 
of 1/T°K. The quenching rates of the higher 
temperature portion correspond to the activ- 
ation energies of 0.28eV for KCl:Pb and 
0.18eV for KBr:Pb. Assuming t as 10~’sec., 
the frequency factor for this process is of 
the order of the vibrational frequency, i.e. 
107sec-! or greater. 
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Fig. 13. Temperature variations of the emission 
intensities for KCl:Pb (A) and KBr:Pb (B). 


The emission spectrum of high lead con- 
tent of KCl:Pb is changed by aging of several 
weeks at room temperature, where by the 
near ultra-violet emission band becomes 
broad, and its maximum is shifted to the red 
by some ten mz. By thermal treatment at 
about 400°C, however, the emission band 
turns into ordinary single Gaussian band such 
as in a crystal of low lead concentrations. 
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In the preparation of a crystal, it is found 
that colloidal aggregates of lead ions are 
easily produced in alkali halide crystals con- 
taining high lead concentrations. These 
change of emission spectra may be consider- 
ed due to aggregation of lead ions in the 
crystals. 


c) Excitation spectra 

The apparatus used in this study is as 
follow: a monochromator with a Beckmann 
hydrogen lamp is used to irradiate the sam- 
ple. The fluorescence of the sample is ob- 
served with the 1P28 photomultiplier in the 
direction normal to the exciting light. A 
filter is inserted between the sample and the 
phototube to cut off the reflected exciting 
light and to transmit the main emitting light 
of the phosphor. The filter employed is 
Matsuda UV-DI which transmits light waves 
between about 310myz and 400my, covering 
the near ultra-violet emission spectra of KCl: 
Pb and KBr:Pb. The energy of the exciting 
light on the specimen is corrected by a 1P28 
photomultipler covered with sodium salicylate. 
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Fig. 14. Excitation spectra of KCl:Pb. The con- 


centration of lead added to the melt are 0.1 
mole % (solid line) and 0.005mole % (dotted 
line). 
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Typical excitation spectra of KCl:Pb and 
KBr:Pb are shown in Figs. 14 and 15. In 
KCl1:Pb, the near ultra-violet emission band 
is favored by the excitation of A-absorption 
band. Especially with specimen of low lead 
concentration, the excitation band coincides 
very well with the absorption band at 273myz 
with respect to band shape and temperature 
variation of the peak position. In the case 
of high lead content, the excitation peak is 
flat owing to the saturated absorption of the 
exciting light. Appearance of the near ultra- 
violet emission under the excitation of B-band 
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was not ascertained, as our equipment could 
not give reliable results below 220 my. Com- 
paring with the absorption spectra, however, 
it may be considered that B-band is not very 


effective in stimulation the near ultra-violet 


emission. 
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Fig. 15. Excitation spectra of KBr:Pb at —196°C. 


a: 0.1 mole %, b: 0.02 mole %. 


In KBr:Pb, the near ultra-violet emission 
is also favored by the excitation of A-band, 
but is not favored by the excitation of B- 
band peaked at 227m. The new absorption 
band around 272 my is also found in this ex- 
citation spectra. Excitation intensity of this 
band gradually increases with the same rate 
as A-band by lowering the temperature. Ac- 
cordingly, these excitation and absorption 
bands are considered due to some composite 
lead centers. As in the absorption spectra, 
the intensity of this band is changed by the 
thermal history of the specimen. It may be 
clear by Fig. 15 that this band consists of 
two bands peaking at about 268my and 
275 my at liquid nitrogen temperature. 


§4. Computation of Configuration Coordinate 
Curve 


The continuous dielectric model is inade- 
quate to describe the optical properties of the 
Pb-center, since the experimentally derived 
ground state frequency vy is fairly small com- 
pared with the longitudinal optical vibration 
frequency » of the host crystal (.=6.3x 
10% sec"! for KCi). Therefore, the C.C. 
model will be applied to the Pb-center to com- 
pute the ground and excited state energy 
curves. 

The evaluation of C.C. curves are carried 
out in accordance to the method described 
by Klick’®. In these treatments, it is assum- 
ed that; (1) the predominant vibrational mode 
of the center is the breathing mode, so that 
a single coordinate may be used, (2) the 
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energy curves are parabolic so that the cen- 
ter acts as a simple harmonic oscillator in 
both states, (3) the initial state of the center 
is treated by quantum mechanical method 
whereas the final state curve is treated clas- 
sically, (4) the slope of the final state curve 
is taken to be a constant value over the range 
of transition coordinates. 

The above mentioned single coordinate is 
taken as the distance from the center to the 
nearest neighboring halogen ion assuming 
that lead ions replace the potassium ions in 
the cubic lattice being surrounded by six 
halogen ions. 

To describe the C.C. curves, four constants. 
are necessary. Ky and K. are force constants 
for the ground and excited states, Xo and Eo 
are the displacement of the minimum of the 
excited state from the ground state minimum 
along the coordinate axis and energy axis, 
respectively. In addition, the mass of the 
oscillator system, M, is needed. Williams 
had shown that the effective mass of a TIl- 
center in KCl is the sum of the masses of 
the six nearest halogen ions multiplied by a 
factor of 1.2, considring the effect of other 
host lattice ions‘”). The specific assumption. 
on the mass is not critical in most applica- 
tions of these curves. Thus the mass of the 
oscillator will be assumed in the manners 
described above. 

Using these constants, experimental data. 
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Fig. 16. Calculated configuration coordinate: 


curves for the ground and lowest excited states, 
of Pb-center in KCl. 
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may be expressed by the following equations: 
vg may be represented in terms of the forgo- 
ing constants as 


Yg=(270)-*(Ky/M)¥? . (6) 

Energies at the peaks of the absorption and 
emission bands are expressed as 

Eu=Eot+ KeX 2/2 (7) 

Ee=Eo— Ko Xo?/2 (8) 

in these expression, where the zero point 


energy (in the order of 0.01 eV) is neglected. 
The width of the absorption band at half 
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maximum is given by 
W.=1.355 x 10-44 K.X0(v_/Ky)/? 
in ergs. at the low temperature limit. 


Eqs. (6), (7), (8) and (9) were used to com- 
pute the C.C. curves for the Pb-center in 


(9) 


KCl. The experimental values used are the 
following: M=4.16x10-%gr., v,=3.6x 1012 
sec=!, (“Hi =4.596V, Fe=3.71 eV—and, Wa= 


0.089eV. The resultant curves are illustrat- 
ed in Fig. 16, and calculated constants are 
shown in Table I. The calculated values for 
KC1:T1 by Klick are also found in Table I'®). 


Table I. The Calculated and Observed Constants of the Configuration Coordinate Curves. 
Ky | Ke Xo | Ko | Vee Yeo Wee Weo 
| ev/A? | eV/A® A | eV | 10! gec—!) |x 1012 see-4 eV eV 
KC1:Pb | 13.4 5.6 _ 0.30 | 4.35 | 2.3 4.0 0.28 0.26 
KCI: THES) | 16.8 6.4 | 0.36 | 5.05 | 2.5 5.6 0.26 | 0.32 
ib aoe. - ,. | | 


With these constants and equations for the 
excited state similar to Eqs. (6) and (9), it 
becomes possible to predict the vibrational 
frequency at the excited state and the width 
of the emission band at the low temperature 
limit, assuming that the mass of the oscillator 
is identical for the system in its ground and 
excited states. These values are also shown 
as Yee and W-e in Table I together with the 
corresponding observed values, veo and Woo. 

From these values in Table I, it is clear 
that the force constant for the excited state 
is smaller than that of the ground state. 
This is also presumed from the difference of 
the band width between the emission and 
absorption spectra, and indicates that the 
excited state has more diffuse charge distri- 
butions than the ground state. This conclu- 
sion seems to be a character of the impurity 
center, in which the impurity is a positive 
ion in ionic crystals. The calculated value 
of the emission band width coincides farely 
well with the observed value, but some dis- 
crepancy is found in the excited frequency. 

The height of the intersection of the ground 
and excited state curves above the minimum 
of the excited state curve corresponds to the 
activation energy, Ee, of the non-radiative 
transition of the luminescence center. This 
value is found to be about 0.9eV. In this 
calculation, it is assumed that the ground 


state curve is parabolic at even higer energy. 
It may be considered that the potential 
curve rises more rapidly than a parabola at 
these large amplitude of the oscillation ow- 
ing to the repulsive force. Thus calculation 
gives somewhat larger value of the activation 
energy. Even if these effects are considered, 
it seems to be too large compared with the 
observed value, namely 0.28 eV. 


§ 5. Discussion 


It may be considered that the luminescence 
centers of these lead activated alkali halide 
phosphors are composed of Pb-ion surrounded 
by the negative ions of the host crystals. 
Hence the electronic configurations of the 
central ion may be described as 5d'° 6s? for 
the ground state and 5d'° 6s6p for the excit- 
ed state, similar to the case of Tl-activated 
one. KCl:Tl is the most widely studied 
phosphor both side in experiment and theory. 
Therefore Pb-phosphors are considered here 
in connection with Tl-phosphors. 

The observed absorption spectra of Pb- 
phosphors are remarkably similar to those of 
Tl-phosphors. Two strong absorption bands 
(A- and B-band) may be considered as cor- 
responding to the transitions for two excited 
states, 1P: and *P:, from the ground state, 
1S), of Pb-ion perturbed by the surrounding 
host lattice ions. In KCl:Pb, the ‘Pi absorp- 
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tion band (B-band) occurs at 196m whose 
energy is almost the same as that of KCl: Sui, 
but the *P; absorption band (A-band) is shift- 
ed to the longer wavelength side than in 
KCI1:Tl. Similar results are also found in 
KBr case, accordingly the separations between 
the 'P,; and *P, states are larger in Pb- 
phosphors than Tl-phosphors. These are ex- 
pected from the fact that a larger spin-orbit 
interaction exists for the Pb-centers. 

The near ultra-violet emission band may 
be regarded as the reverse process of A- 
absorption by the results of the excitation 
measurements, therefore these transitions are 
attributed to *P:-'So, which appears at 
longer wavelength than Tl-phosphors. The 
photon energies at the peaks of the emission 
bands are found to be 3.7leV and 3.14eV 
for KCl:Pb and KBr:Pb, respectively. The 
Stockes’ shifts of these 'S,—#P:i transitions, 
however, have the same values within ex- 
perimental error in both Pb- and Tl-phosphors 
but are changed by the different host lattices, 
namely, 0.87 eV for KCl and 0.76 eV for KBr. 
These Stockes’ shifts are originated from the 
energy dissipation in the lattice after an 
optical transition. It is therefore not surpris- 
ing that these values are more intimately 
related to the host lattice than the center 
ion, and the unique values for each host cry- 
stals may be accidental. 

In the excitation spectra, the light in 'P:- 
absorption band does not excite emission so 
intensely as the excitation of *P: band. In 
Tl-phosphors, the excitation of !P; band yields 
emission in both near ultra-violet and visible 
bands, which correspond to the transitions of 
®Pi—'S) and 'Pi—'So, respectively*®.* If we 
consider the present results in connection 
with those of Tl-phosphors, the weak visible 
emission may be considered as corresponding 
to the transition of 'P:—'S). However, the 
visible emission here is too weak to carry 
out reliable excitation measurements. The 
light in ‘Pi:-absorption band does not stimulate 
the near ultra-violet emission. The situation 
is different in the case of Tl-phosphors. These 
indicate that the internal conversion between 
'P, and *P; states does not take place effec- 
tively in Pb-phosphrs. In either case, the 


* Recently, several question are presented 
against this old interpretation of the visible emis- 
sion in KC1:TI. 
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reverse process of 'S,—'P: absorption is not 
observed as_ effective photoluminescence 
process. Hence the author considers that +P: 
state is susceptible to non-radiative transition. 

Similar phenomena are also found for *P1- 
state by the temperature variation of the 
near ultra-violet emission. As it is shown in 
Fig. 13, Pb-phosphors. do not show so efficient 
a luminescence as Tl-phosphors above room 
temperature. At liquid nitrogen temperature, 
these efficiencies are increased up to that of 
Tl-phosphors which is considered to be near- 
ly unity. The above phenomena indicate 
that the *Pi-state’ also suffers non-radiative 
transition at room temperature. The activ- 
ation energies of this process are found to 
be 0.28 eV for KCl:Pb and 0.18eV for KBr: 
Pb, therefore the non-radiative process operate 
more effectively in KBr lattice than KCl 
lattice. 

In the C.C. model, the activation energy 
Eg corresponds to the height of the intersec- 
tion of the ground 'S, and excited *P: energy 
curves above the minimum of *P; state. The 
smallness of Eg may be expected as a result 
from the diffuseness of the excited state, 
thus *P; states of Pb centers in both alkali 
halides interact more strongly with the states 
of the host lattice ions than Tl-centers. 

On the other hand, a positive ion vacancy 
is introduced in the neighbourhood of Pb-ions 
owing to the charge compensation of the host 
lattice. If these positive ion vacancies occupy 
a neighboring site of the luminescence center 
as observed in NaCl:Mn2, it may be presum- 
ed that these vacancies play an important 
part in the above non-radiative process. 

Fredericks and Scott?! have shown that Pb- 
centers in KCl at high temperature migrate 
as if they were negative ions such as PbCl,.!- 
by measurements of the ionic conductivity. 
Several questions are presented whether these 
complex ions exist in the crystals at lower 
temperature®. However, it may be seen that 
Pb-ions in alkali halides are more intimately 
mixed with the negative ions of the host 
lattice than for the case of Tl-ions. The 
present results favor the view that these in- 
teractions are more strong in KBr than in 
KCl lattice. 

The one dimentional C.C. model interpretes 
fairly well the observed results for the shape 
and the band width of the spectra in Pb- 
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phosphors. The temperature variations of 
the band width are also well interpreted by 
this model. However, calculation on this 
model with observed absorption data does not 
bring reasonable results for the emission 
data. This model also does not elucidate the 
difference of the non-radiative process between 
Pb- and Tl-phosphors, since the calculated 
value of the activation energy in Pb-phosphor 
is greater than the Tl-phosphor, which is op- 
posite direction to the experimental results. 

These indicates the possibility of the appli- 
cation of one dimentional C.C. model. Name- 
ly, this model describes the optical properties 
related to a single state fairly well, but it 
does not present satisfactory results for the 
process related to both the ground and ex- 
cited states such as non-radiative transition. 
The author supposes that these limitation 
come from the simplified assumption adopted 
in this model where the breathing mode of 
vibration is always effective in both states. 
If another mode of vibration is broken out 
after optical transition, the values of the final 
state calculated by this model with the data 
of initial state will not give satisfactory 
results. 

Recently, Karo, McComble and Murray?” 
found that main contribution to the breadth 
of F-band come from modes in fairly small 
range of frequencies in which the empirical 
configuration frequency is included. There- 
fore, the present results obtained for the 
ground and excited frequencies, vy. and vo, 
may be considered to have close resemblance 
to real frequencies. 

To make more advanced treatments of Pb- 
center including non-radiative process, it may 
be necessary to use of a multidimensional 
C.C. treatment, developed and applied by 
Kamimura and Sugano?) for KC1:TI, consi- 
dering the effects of the all excited level 
such as 'P,, *Pz, ?3P: and *P) states of Pb-ions. 


$6. Summary 


1) Absorption spectra of lead activated 
phosphors are nearly the same as the results 
of earlier investigations. Two intense bands 
(A- and B-bands) are considered as transitions 
of !So.— Pi and !S)—'P: in Pb++ ion perturb- 
ed by host lattice ions. 

2) Emission band observed in near-ultra- 
violet region may be ascribed to *Pi—'So 
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transition. 

3) The excitation of !P: state does not 
result in any distinct emission different from 
the case of Tl-phosphors. This indicates that 
1P,-state of Pb-center is susceptible to non- 
radiative transition. 

4) 8P,-state also suffers non-radiative transi- 
tion at room temperature. The activation 
energies of this process are found as 0.28 eV 
and 0.18eV for KCl:Pb and KBr:Pb, re- 
spectively. 

5) These results favor the view that Pb- 
ions in alkali halide are intimately mixed 
with the negative ions of the host lattice, 
but is not well interpreted by the use of a 
semiempirical C.C. treatment. 

6) The temperature variations of the ab- 
sorption and emission band width are fairly 
well interpreted by a simple C.C. model, and 
the C.C. frequencies of the luminescence 
center in KCl:Pb are found as 3.6x10- 
sec"! and 4.0x10!%sec-! for the ground and 
excited states, respectively. 

7) C.C. curves for KCl:Pb are calculated 
by a semiempirical method. Some results 
expected from these curves are compared 
with the observed data; the agreement in 
emission band width and disagreements in 
the activation energy for non-radiative pro- 
cess and the effective vibrational frequency 
of the center at excited state are obtained. 
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The local properties of the rotational flow field behind a steady, two- 
dimensional, curved shock wave which occurs in a supersonic uniform 
flow of a perfect gas are considered. The states of flow field in the 
vicinity of a point on a shock wave are described as a power series 
about this point under the assumption that the shape of the shock wave 


is regular. 


The hodograph transformation of such a field becomes 


singular at the points where Jacobian relating to the transformation 


vanishes. 
in detail. 


$1. Introduction 


We shall consider the flow behind a steady, 
two-dimensional, curved shock wave which 
occurs in a supersonic uniform flow of a per- 
fect gas. We assume that the viscosity and 
thermal conductivity of the gas can be neg- 
lected. In general, however, the flow field 

* The results in §§4, 5, 6 of this paper have 


been reported in part by one of the authors (Z.H.) 
(Ref. 1). 


The fields in the vicinity of such singular points are discussed 


behind the shock wave is rotational. When 
the shape of the shock wave is given as a 
regular curve, the flow field immediately be- 
hind the shock can be determined by the 
shock conditions. It is the purpose of the 
present paper to describe the local field behind 
a shock wave as the series expansion about 
the field value immediately behind the shock, 
and to transform such a local field to the 
hodograph plane. First, in Section 2, we give 
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the expressions for the derivatives of the 
velocity components immediately behind the 
shock wave. These derivatives are necessary 
for the determination of the coefficients in 
the expansion formulas for the various quanti- 
ties of flow as seen in the following sections. 
These derivatives enable us to determine the 
directions and curvatures of the lines of con- 
stant speed, deflection, pressure, and density 
immediately behind the shock wave (Section 
3). The pressure distribution on a streamline 
behind a shock wave is formulated in Section 
4. The formula thus obtained seems to be 
useful to find the pressure distribution over 
the surface of a curved airfoil in the neigh- 
bourhood of its leading edge when a shock 
wave is attached to the edge. 

In the transformation of such local field 
onto the hodograph plane, we find that there 
occur certain cases when the Jacobian defined 
by Eq. (31) vanishes. This is the case, for 
example, when the shock spine coincides with 
the shock polar in the hodograph plane, or 
when the shock wave has an inflection point. 
The singularity at such points and the flow 
fields in the vicinity of those point are dis- 
cussed in Sections 5 and 6. 


§2. Derivatives of the Velocity Components 
Immediately behind a Shock Wave 


We choose the origin of the coodinate sys- 
tem at a point of interest on a shock wave, 
and take the x-axis in the direction of the 
velocity vector immediately behind the shock 
wave and the %*2-axis perpendicularly to it 


Fig. 1. 


P.at PUcta,c=0 
0,a+ 0Uc,c=9 
PUa, pUatp—T Puc, o=0 
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(Equation of motion) 
(Equation of continuity) 
(Entropy is constant along each streamline) . 
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(see Fig. 1). The shock conditions can be 

expressed as follows, 

2( itn? —7pi)va 
(7-1) pitt1n 


Ua=Uia (Q=slyZ) 


P= pit} (out? 7) 
201(01Uin? —7p1) 
2rpit(y +l oii? ; 
where ua, P and op are the velocity com- 
ponents, the pressure, and the density im- 
mediately behind the shock wave; those with 
the subscript 1 denote the values in front of 
the shock wave; va are the components of the 
normal unit vector to the shock line; uwin= 
UiaYa; and 7 is the ratio of the specific heats. 
Differentiating Eq. 1 with respect to the arc- 

length along the shock line, we obtain” 


(1) 


0=O:1+ 


Ua,prg= Aak 

D.pAg=Br (2) 

0,p4g=Ck , 
where 2g denote the components of the tan- 
gential unit vector to the shock line, the 
subscript, 8 denote 0/0xg and « is the curvature 
of the shock line. The curvature of the shock 
line is assumed to be positive for the shock 
wave convex to the w*2-axis. In the above 
equations the summation convention is used 
and this convention will be used throughout 


this paper. Aa, B and C are given as 
2 
A= adel 2 Gare je 
Parl 001 


Ar={— Ae aes +22) D 
att. 0 01 


4 
B=— A:Azopv? 
pap ll pee 
fied 


AL 
C=2—| o1—-—— 0}, 
AG Paice °) 
where [p]=o—o: and v is the speed of flow 
immediately behind the shock wave. On the 


other hand, the flow behind a shock is govern- 
ed by the following equations 
| (4) 


Solving Eqs. (2) and (4) simultaneously, the first derivatives wa,¢ of the velocity components 
uw inamediately behind a shock wave are obtained in the form 


Ua ,p—=Fagk 5 


where 


Gap 
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ye eee) (2: 2 + ards) 
m?k2—1\ . pv 


Fu=4-(Ar~ AF) bas 


eyes Dive 
mr? —1 
Fr.=(m?—1) Fir ’ 


and m denotes the Mach number immediately behind a shock wave. Further differentiation 
of the first two of Eq. (2) with respect to the arc-length s along the shock line yields 


Fo= { aAet astm —1)———\ 
ov 


Ua, pyApay = —Ua,pAp,yay+ dA «t+ Aa dé 
ds ds (7) 
dB d 
PD pydpdy=— DpAp.ydy +e +B , 
ds ds 
where 
dAi 4 0 ) ( ) Cr 
= termes Viren ye ea |), =e 
ds aie pieye iat pave p | 
ae aS ee dadal ee) oe —( att i) = (8) 
ds r+1 01 0 10 
dB 4 0? 
— ji Ore. J 2 2 : 
Ae srt 1 ox? )ow%e 


Differentiating, on the other hand, the first and the third of Eq. (4) along the axes of the 
coordinate system, we get 


PUgtea cy +P ay =—(0,yUcta,c + Uc, yUa,c) \ (9) 
PUallgta,py—7 Puc, cy = —(0,yUa,pulallg+ 0Ua,plta,yUgt Pla,plalp,y—TP,yUc,c) - 


The respective terms on the right hand sides of Eqs. (7) and (9) can be determined by using 
the preceding results. Solving Eqs. (7) and (9) simultaneously, these second derivatives of 
the velocity components immediately behind the shock wave are obtained as follows: 


d. 
tta,py=Gapy 7 + Hapyt" . (10) 
where 
(p= Goh ga eas Pt + Gn Dae 
(m?A2?—1)? ov 
ene ey Hom DAA, Di Wachee 
(m?A22—1)? Pv (11) 
Gi2= SH AGin 2G + Ad 
2 
Geui=Gire ’ 212 =(m?—1)Git ; G22 =(m?—1)Gire 
1 
Ain mtdzaDe | ea Sitti al ae ae 
— 2A AP Le +[Av2 +(m?—1) a2? |La— 2A AL} 
1 


Ai = 3(m? L)A2? JA Lo +2A Aol 


{[A 2 
pignoiiay bikie” 
(mA? —1)? (12) 
+ [AP + (mm? 1) Ax? Ja2? Le —2(m?— VdrdeLs +[Ar? +(m?— 1A? La} 
Fi 22 => {- AH 2dideHit Ls} 
2 


Aoi: =Ait2—Lo § Aea2=(m?—1)Aiu—Li ’ A222 =(m?—1)Hs12—Le 
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2 
Lys (AP 3 Pia) Fu oe 
v As 70) 0 
2 
Li=—— (rm? + 2 Fit + (Ft Fu) Fu) 
ie \( Zi 
a mPa tnt +1)Fia H(t) 1a © Fu 
Vv az A> 0 
Ls=———{— AFP t PsP t Autom RF t Ae Pt} (13) 
a es eR ey pm : ES 
0 pve ds 
ear) ear er RES 
k as 
Ls=—A:Fi2+a2Firt+ @Ar . 
ck as 


Directions and Curvatures of the Lines 
of Constant Speed, Deflection, Pressure, 
and Density Immediately behind a Shock 
Wave 


Consider the line of constant speed passing 
through a point on a shock wave. Let /: de- 
note the arc length measured from the shock 
wave along the line (see Fig. 2). Let ¢: de- 
note the angle of inclination of this line (say 


8. 


Xe 


SAL 
Ss 
\ lo 
Hige2; 
dd cos? 1 
dl; U1 ,2 


=— {in +2u1,12 tan di+¢1,22 tan? dr +(e abate tan woh ; 


/:-line) refered to stream-lines. ; is measured’ 
positively counterclockwise. Then, 


dw _ Ow 
dl; 0x1 


since the flow speed w=71/u,u, is constant: 


cos 1 pou sin d;=0 
Ox: 


along the /:-line. Hence, 
tan.dyosee ee (14): 
Ucle,2 


Evaluating Eq. (14) at the point immediately 
behind the shock wave, we get 


U1,1 


tan ¢i1=— (15) 


1,2 
because of m=v and uw.=0. Differentiating 
Eq. (14) along /,-line and using Eq. (15), we 
get the expression for ‘the curvature of the: 
line of constant speed immediately behind. 
the shock wave: 


(16): 


As to the directions and curvatures of the lines of constant deflection, pressure, and density, 
we can obtain, by the same procedure as above, the following expressions: 


tan Doe 
U2 ,2 (17> 
3 
dds = cos? ds {U2 11 +2u2,12 tan d2+de2,22 tan? he} 
dls U2,2 
tan = 
U2,1 
3 
adds Soe eS Ps {itt (tse be.) tan ds+u2,12 tan? Ws (18>) 
dls U2,1 


cll Ohare tan hs) (U2,1+U2,2 tan sh 
Vv 
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tan i Snaeiney pee ai ; 
U1,2 +7 (U2,1—U1;2 (19) 
3 
dhs = OE Pe 6, Oe as tan Pit p,22 tan? 4} A 
dls 0,2 
where 
Pe — Ol tan dh, ee nie) tan 4} 
0.2 Uso v €; 
Oe = ee tan 4 tel) io ee tan 2s} 
0,2 Uog,o Vv 
0,22 A 7 (Us,12—U1 22) + U1, 22 tan bs 
0.2 U1,1 
oe U1, Ue ,2® 
+ Eee (rte. U2,2)—- —- ——* tan wl 
v (tan ds u11 u1,1 


Here, ¢:, #:, and ¢, denote respectively the inclinations of the lines of constant deflection, 
pressure, and density (say /:-, Js-, and J.-line respectively) against the streamline (see Fig. 2). 
In general, the differential coefficient of a certain quantity Q along a certain /n-line is given 
by 


dQ 
dn 


=Q1 COs dnt+Q 2 sin Ln 3 


Hence, the differential ratio of any quantities Q and Q’ along any /x-line is given by 


(22) — Q1+Q,2 tan dn 
dQ’ 2 Qi+Q,5 tan dn 5 


where Q.2, Q., and tan¢, all can be expressed with wa,e. 


(20) 


$4. Pressure Distribution on a Streamline behind a Shock Wave 


The pressure distribution on the streamline through the origin of the coordinate system 
can be expressed in the expansion form: 


Bases 
P=p+Pats Prt, (21) 


where y is the distance measured from the shock wave along the streamline; p is the 
pressure at the origin and has been given in Eq. (1); p’ and p” are the first and the second 
derivatives of the pressure with respect to 7 at the origin, and are deduced from Eqs. (4) 
and (9) as follows 


Dp =—ovui1 \ (22) 


= — 9vttr,11 + OCU 1U1,2— U1, 22,1 — U2, 1) . 


On the other hand, the curvature of the streamline and its variation along the streamline 
can be expressed at the origin as 


(23) 


2 it 
IS MO OI 5 
v yp? 2 


where K is assumed to be positive when the streamline is concave toward the positive 
direction of the x2-axis. Elimination of « and dx/dy from Eqs. (22) and (23) (see Eqs. (5) 
and (10)) yields 
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7 Fu 
=— ppt——K 
p aaa 
- Gin dK G 
Dp =— pvt role AB +) us (—vAen1 +2F iF — FoF 22) (24) 


+0Aiu—F uF 2 +FyoF oe +Fit| a \ 
Pi? 


As an example of applying Eq. (24) toa 
practical problem, we shall obtain the pres- 
‘sure distribution near the leading edge along 
the surface of a circular-arc profile with an 


$s 


Fig. 3. 


p! 


for the circu- 


1 
K p K? p 
lar-arc profile at »=10°, 20°, and 30°. 


Fig. 4. Values 


attached shock wave (see Fig. 3). For a 
circular-arc profile, 
aK _ 
dy 
where @ denotes the angle which the tangent 
to the profile makes with the direction of the 


uniform flow in front of the shock wave and 
@ denotes the direction of x,-axis refered to 


0 and 1=—7(0-8) ; 


the uniform flow. In Fig. 4, the values 
5 and = ‘ are shown against the 


Mach number M; associated with the uniform 
flow in front of the shock wave for w=10°, 
20°, and 30°. The pressure distribution in 
the neighbourhood of the leading edge of the 
circular-arc profile in the uniform stream of 
M,=3 and 4, respectively, is shown in Fig. 5 
for the case w=30°. For comparison, Thomas’ 
result is plotted in Fig. 5 too.*) His method 
is, by considering pressure as a function of 
6 and entropy S, to derive the pressure over 
the surface of the profile from the pressure 
immediately behind the shock wave. He gives 
the following formula which is correct to the 
first order in the entropy change. 
Op 
P=p+( 76 ) As. 
The coefficient (0p/0S)» can be obtained by 
taking Q=p, Q’=S, and n=2 in Eq. (20) as 


(25) 


Present 
—--— Thomas 


oe ia se 
4 6 8 10 12 


a = a 


1g) 


Fig. 5. Pressure distribution near the leading 
edge of the circular-arc profile (for M,=3 and 
4; w=30%), 
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follows: 
fe ; 7 PD U1,1U2,2—U2,1" , (26) 
OS @ R u2,1(u2,1—M1,2) 
And 


— —2] l ; 27, 
oa Til { : Di\ @ ‘ Pi 0o 


where po and » denote the values of p and 
o immediately behind the shock wave at the 
leading edge, and FR is the gas constant. 


§5. Flow in the Vicinity of the Point at 
which the Spine Coincides with the 
Shock Polar 

The directions of the spine and shock polar 
in the hodograph plane are given, respective- 
ly, by 

Ur2,chc 

Utae he 


and (28) 
U1,1 

Hence, the condition that these two coincide 

is 

“2,1 wt Ur,ce_ : (29) 

1,1 Uae 


Using Eqs. (2), (3), (5) and (6), the above con- 
dition can be transformed as 
(M,? sin? ae—1){472(7 —1) ME sin’ ae 
(277? — 1) M2 — 297? —4; —1)|M* sin* ae 
—[(r + D7? +67 -3)M2 
+$2772—127,—1) [Mi sin? ae 
—[27 +1)(7+3)M?+4(7—-1))}=0 , (30) 
where ae is the shock angle at the point 
where the directions of the spine and shock 
polar coincide in the hodograph plane. Fig. 
6 shows the Mi-ac curve. Since we assume 
the uniform flow ahead of the shock front in 
the present paper, the portion of the ae-curve 
for Mi<(2/1/ 3 ) must be left out of consider- 
ation, except for the case Mi sin a@e—1=0 when 
the shock wave degenerates into a Mach line. 
Thus, the directions of the spine and shock 
polar coincide at the point in the supersonic 
region for (2/V/ 3)<M<V (7?+4r—5)/(7 $3) 
(=1.69 for ,=1.4), whilst at the point in the 
subsonic region between the sonic point and 
the maximum deflection point for Mi> 
V (7?+4r—5)/(7 +3) (see Fig. 7). 
By introducing a Jacobian J such that 
a Ou, U2) 
J O(x1, X2) 


the condition (29) can be rewritten as 


=U1,1U2,2—-U2 121 , 


(31) 
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J=0. 
This shows that the Jacobian defined as above 
vanishes at the point where the directions of 
the spine and shock polar coincide. Since 
J.« does not vanish in general, this is the 
singular point of first order and there exists 
the singular line starting from this point*- 


Or 


angle 


shock 


| @ 8) 4 


DA ee 
Fig. 6. Curves ae versus M;. ae denotes the 
shock angle when the directions of the spine 
and shock polar coincide; asonic denotes the 


shock angle at which the velocity immediately 
behind the shock is sonic. 


Ue 
\ sonic line 


Fig. 7. Hodograph plane; curve ABC is the locus 
of the point where the spine coincides with the 
shock polar. In the right hand side of curve 
DE, there occurs multiplicity of the flow pat- 
tern for the inflected shock wave. 


Let us assume the singular line to be ex- 
pressed in the form 

Keb xt tees (32) 
Then, the coefficient b can be determined by 
inserting Eq. (32) into 


1961) 


_ OU: OU2 _ OUi OU: 


J Ox. Ox: Ox2 Ox: eae) 
where 
ClOR: 
Ox~ =Ua,ptUa,pyXyt- EO 


The streamlines in the vicinity of the origin 
satisfy the equation 
dx za 
dx: 


We assume that the streamlines in the neigh- 
bourhood of the origin are expressed in the 
form 


U2, oXc+3U2,anXaxp+::: 
V+U1 cXoet+3U1 apXaxpt--- 


(34) 


(35) 


Then the coefficients a: and a2 can be ex- 
pressed with a by inserting Eq. (35) into Eq. 
(34) and by equating the terms of same order 
in x: on the both sides. The transformation 
from the physical plane to the hodograph 
plane is performed by 


X2=AotQxit3Qoxr2+--+ , 


UVa=Uatta,pxattua,pyXpXyt+--: . (36) 


In the special case where 
Mi=V (7? +47—5)(r +3), 

the spine coincides with the shock polar at 
the sonic point. In this case, the calculation 
is simplified since “#1,2=2,2=U2,22=0 and hence 
ai=0. Fig. 8-a shows the streamlines and the 
branch line in the physical plane for «=1, 
dk/ds=0. Fig. 8-b shows schematically the 
image of these in the hodograph plane. 


sonic line 
E 


sonic line 
(a) Physical plane 


(b) Hodograph plane 


Fig. 8. Flow pattern in the vicinity of the point 
at which shock spine coincides with shock polar 
(M,=1.69, «=1 and dx«/ds=0). 


§6. Flow in the Vicinity of an Inflection 
Point 
If a shock wave has an inflection point, as 
in the case of a detached shock wave which 
lies upstream in a wind tunnel at a low super- 
sonic choked state», uwa,=0 since *«=0 at 
that point. Hence, in such a case 


J=J,a=0 (37) 
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at this points. Thus, this is a singular point 
of the second order*’, and is isolated only for 
D= (U1, 11U2,22—U1 222,11)? 
—A(U1 1202, 22—U1, 222,12) 

X (1,112, 12-1, 122,11) <0 P (38) 
When the shock angle at the inflection point 
is less than a certain value, the flow behind 
it has a multiplicity in the hodograph plane. 
Such a state occurs at the points in the sub- 
sonic region (see Fig. 7). The streamlines 
and the branch lines in the vicinity of an 
inflection point and their corresponding hodo- 
graph images can be obtained by the same 
way as in the preceding section. In Fig. 9, 
the directions of the branch lines, the shock 
line, and the streamline passing through the 
inflection point are shown as the functions 
of the shock angle a: for Mi:=2. In this case, 
the singular point is isolated for ai:>68.9°,. 
while there exist two branch lines for ai< 
68.9°. For 68.9° >a; >62.3°, only the stream- 
lines through the shock segment concave to 
the flow behind it traverse the two branch 
lines. Fig. 10 shows the streamlines and the 


/ 


‘branch line (2) 
/ 
ip branch line (1 ) 


shock line 


stream line 
ne > Se 


, 


Direction coefficient 


branch line (2), 


f 


| 
branch line (| 


1 
! 
! 


Fig. 9. Directions of the branch lines, the shock 
line, and the streamline passing through the: 
inflection point for the case M,=2. 


shock line 


limit line 
\ 


0 A shock HT 
Fe Porn line(2) tay LA 
A = I 4 
Pe 7D 
branch line (I) limit line 


(a) Physical plane (b) Hodograph plane 


Fig. 10. Flow pattern in the vicinity of the in- 
flection point. (M,=2; a;=64.7°) 
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branch lines for ai=64.7° in the physical 
plane and the corresponding schematic pattern 
in the hodograph plane. The value ai:=64.7° 
is the shock angle at the maximum deflection 
point for case Mi=2. For 62.3°>a:>59.6° 
every streamline traverses one branch line. 
Here, ai=59.6° corresponds to the case when 
one of the branch lines coincides with the 
streamline. Fig. 11 shows the streamlines 
and the branch lines in the physical plane 
and the corresponding schematic hodograph 
pattern for a;=62°. For ai<59.6°, the two 
branch lines are traversed only by the stream- 


branch line(1) fimit Hine 
EY Pi 


\ 
branch line (2) 


4 
rs 
limit Khe 
(b) Hodagraph pine 


shock line 
(a) Physical plane 


Migs 1. 
flection point. 


Flow pattern in the vicinity of the in- 
(M1 =2; Cg= 62°) 
limit line 
4 


shock] line 


, E . 
ybranch line 


ee limit line 
sonic line 
(a)Physical plane (b) Hodograph plane 
Fig. 12. Flow pattern in the vicinity of the in- 


flection point. (M,=1.3; a;=65°7’ sonic point)) 
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lines through the shock segment concave to 
the flow behind it. 

Let us consider the case when the inflection 
occurs at the sonic point. If the sonic lines 
starting from this point are assumed to be 
expressed in the form, 


xe=CXit--: , (39) 


c can be determined by inserting above ex- 
pression into 


Of OR 
Ui =a4.431 apXaxXpt+ pes | (40) 
U2=3U2,apXaxgt a ee 


where a, denotes the sonic speed. Thus, 
there exist the real values of c for 


U1,12?—U1 112,112 0. (41) 


So that, it is possible that there exists a local 
supersonic region behind the inflection point. 
This is ‘the case, in fact, when the Mach 
number is less than 1.37. Fig. 12 shows the 
streamlines, the branch lines, and the sonic 
lines in the physical plane for M:=1.3 together 
with the corresponding schematic hodograph 
pattern. 


References 


1) Z. Hasimoto: Proceedings of the 9th Inter- 
national Congress of Applied Mechanics, (1956). 

2) T. Y. Thomas: J. Math. Phys. 26 (1947) 62. 

3) T. Y. Thomas: Proc. Nat. Acad. Sci. 15 (1950) 
113. 

4) J. W. Craggs: 
(1948) 360. 

5) S. Morioka: 


Proc. Cambr. Phil. Soc. 44 


JmeAeroe Sci. 22 Moorss le 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN Vol. 16, No. 8, AUGUST, 1961 


Two-Dimensional Supersonic Jet of a Conducting Inviscid 


Gas in the Presence of a Uniform Magnetic Field 


By Shigeki MoRIOoKA 


Department of Physics and Mathematics, Faculty of Science 
and Engineering, Ritumeikan University, Kyoto 


(Received February 20, 1961) 


The behaviour of the two-dimensional supersonic jet of an ideal gas 
with weak electric conductivity in the presence of a uniform magnetic 


field is considered on the basis of the linearized theory. 


In general, the 


boundary of the jet can be expressed by the formula which contains the 
terms yielding the monotonic change of the width of the jet and its deflec- 
tion due to the inclination of the lines of force in addition to the term 


in the ordinary gasdynamics. 
explicitly. 


Introduction 


$1. 
The problems of jet in the ordinary gas- 
dynamics have been investigated in detail by 
. 1. Pai, D. C.. Pack, and others!,”). On the 
other hand, the behaviour of the jet of a per- 
fectly conducting gas in the presence of 
a magnetic field parallel to the stream can be 
obtained by making suitable substitution of 
the parameters in the known results of the 
linearized theory for the ordinary gasdynamic 
case®. In this paper, we consider the be- 
haviour of the two-dimensional supersonic jet 
of an ideal gas with weak conductivity in the 
presence of a uniform magnetic field. 
Let a jet issue as a uniform, supersonic 
stream of an ideal gas from a nozzle of a 
semi-width L, with velocity U:, pressure pi, 
density o:, ratio of the specific heats 7:1, and 
electric conductivity o into a conducting ideal 
gas with pressure p2, density 2, ratio of the 
specific heats 72. (The electric conductivity of 
the surrounding fluid may be arbitrary in 
Secs. 2 and 4 since we assume that E+ pv 
x H=0. On the other hand, in Sec. 3 it must 
be so small that j=o(E+ ux H) is negligible 
for the value E+v x H assumed to be suffi- 
ciently small. Here, 4, v, H and E denote 
permeability, velocity, magnetic- and electric- 
field intensity respectively.) The heat-conduc- 
tivity and viscosity are neglected. We assume 
that the difference of the pressures pi—pz is 
small compared with f: and that the interac- 
‘tion between the magnetic field and the con- 
ducting stream is sufficiently small. There- 
fore, the problem can be linearized. In the 
following, we consider three cases: (1) the 


, 
| 


The expressions for these terms are shown 


surrounding fluid is at rest, a uniform 
magnetic field exists, and N, Rm<1; (2) the 
surrounding fluid moves with a_ supersonic 
velocity Uz to the same direction as the jet, 
a uniform magnetic field MH and a uniform 
electric field H=—p(U2xH) exist, and N, 
Rm<i1; (3) the surrounding fluid is at rest, 
a strong magnetic field parallel to the jet 
exists, and N~1 though Rm<1. Here, 
N=RmS; Rm=opUiL and S=yH?/0,U.2 are 
respectively the magnetic Reynolds number 
and the pressure number in the jet; and pis 
assumed to be constant everywhere. These 
cases will be formulated as the boundary 
value problems and will be solved by using 
Laplace transformation in Sections 2, 3 and 4, 
respectively. 

The fundamental relations necessary in the 
following are 


div (ov)=0 , 
o(v grad)v=—grad p+u(jx A) 

div H=0, 

rot H=j , 

J=o( E+ pyux HH) , 
o(v grad)p—rplv grad)o=(7 —lo(j*/o) . 
The electric field E is constant for two- 
dimensional motion and it is assumed to be 


zero in Cases 1 and 3 and to be —yp(U2x A) 
in Case 2. 


es 


§2. Jet Issuing into a Fluid at Rest 


In this section, we consider the two-dimen- 
sional supersonic jet of a conducting gas is- 
suing into a fluid at rest in the presence of 
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a uniform magnetic field. We choose the 
origin of the coordinate system at the middle 
of the exit, and we take the x-axis parallel 
to the direction of the velocity at the exit 
and the y-axis perpendiculary to it. The 
inclination of the magnetic field is assumed 
to be a with respect to the x-axis. Then, we 
can put as follows, 
v=Ui(1+u)ei+Ui'e: , 
AH=),HA+hz’)e: +A2H(1+hy)ee ’ 
E=0 ) p=pil+p’) , o=ai(1+0") ’ 
where e: and e: denote the fundamental unit 
WACO Jh=Cosas VnSSin72 Binal 75 a, x 
hy’, pb’ and p’ are dimensionless small quanti- 
ties. The space coordinates are made non- 
dimensional with L. Substituting Eq. (2) into 


Eq. (1) and neglecting higher order terms, 
we obtain 


(2) 


Ov = Ow 

eet Sa ID) 

0% SO seid? g 

6M a1 OU nee NAGE 

Ox Oy 

Ohe’ Oh’ 

A z a ae 

1 ax + ds ay 0, ey 
Ohy Ohx’ 

Ag A = 

2 ay 1 ay Rime ’ 


jo = —7n Miu’ + NA22x) ? 
N= —M(u’ +71NA2?x) 5 


where Mi=U1/1/7:p,/p, is the Mach number 
and N, Rm are assumed to be sufficiently 


small. We introduce the velocity potential 
defined by 
,_Ob vy’ _ 06 
Uu =a mae + NAiz2x. (4) 


Then, it satisfies the equation 


0? f 49 
Upaaa (5) 
On the other no multiplying the element 
ds of a streamline by the modified momentum 
equation; 


=r. M?NA? . 


= grad v? — v X rot eae 
0 


—f(jx H)=0 
0 


and integrating it along a streamline under 
the approximation of Eq. 2, we get the rela- 
tion 


p=pi—o.U ew —o2U, 22x 
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Then, the condition that the pressure is con- 
stant on the boundary of the jet can be ex- 
pressed as 
09 2 Nae for #>0\s 
Ox 
where €=(fi—p:)/01U:?.._ As the condition at 
the exit, we assume a uniform flow; that is, 


p= 28-0 
Ox 


ly|= com 


er =O, WIKI - (ie) 
If we assume o+0 for x<0 and 414240, the 
flow is rotational upstream of the exit («<0) 
as is seen from Eq. 3. Therefore, in order 
that this condition (7) is valid for the given 


shape of the nozzle in the presence of a uni- 


form magnetic field and is consistent with the 


basic equations, we must assume that the 
flow of the jet has no conductivity upstream 


of the exit, i.e., for x<0, except for the case | 


A1A:=0. This assumption means the abrupt 
rising of the temperature leading to the ioni- 
zation of the gas at the exit. It, however, 
may be permissible as a model of practical 
jet exhausts. The Laplace transformation of 
Eqs. (5) and (6) leads to 


71M? NA? 


2 —— 
imams Kenmare 
os 2 
ae é Ae for *x<0, |y|=1 (9) 
s s 
where ¢= Verde, y)dx and Eq. (7) has been 
0 


used. The solution of Eq. (8) which satisfies — 


Eq. (9) can be found as 


GH IDLO) (omen +e-msy) £ 11M? NaA2? 
emis +e-m™18 m22s5° 
(10) 
where 
rss) 2 2 
oats oe = ee and m?=M?—-1 : 
u, 


If we assume the boundary of the jet in the 
form y=+1+F(x)s, then 


Fe).=|"[2*] dx+ Aare 
0 y=21 2 


Oy 
Hence, the Laplace transformation yields 
Bisz =ck & shines) tanh mis + NA, de ; 


By making the inverse transformation, the 
boundary of the jet can be found as 


F(x) =tm€H(x, 4m) 


=m He, dms)dx-+ Nahas? rest | 
0 


| 
| 
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where H(x, dm={t (OS%S2m1) igea 

4m1—x (2mi<x<4m,) © 
triangular wave function. The first term 
is the same as that in the gasdynamic case; 
the second term, which has the integrated 
form of the function in the first term, ex- 
presses the monotonic spreading of the width 
of the jet; and the third term expresses the 
deflection of the whole jet due to the inclina- 
tion of the lines of force. 


$3. Jet Issuing into a Uniform Supersonic 
Stream 


We consider, in this section, the two-dimen- 
sional supersonic jet of a conducting gas is- 
Suing into a uniform supersonic stream with 


Magneto-Gasdynamic Jet 
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presence of a uniform magnetic field H and 
a uniform electric field E=—y(U2x H). This 
corresponds to the case in which we observe 
the jet that issues with velocity U: relative 
to the moving nozzle with velocity U:, in the 
coordinate system moving with the velocity 
U2. Introducing the velocity potentials ¢:1, 2 
defined by 


/ _ Or V1 Gas oes 


ie = Ox” By 1 UNA A2Xx , 

fi (12) 
i = Obs is = 06 
Ox” Oy ’ 


(where, suffices 1 and 2 refer respectively to 
the jet and to the surrounding fluid), by the 
procedure similar to that in the preceding sec- 
tion, we can obtain the following boundary 


a velocity U: parallel to the jet in the value problem for the present case; 
2 2 
—(M,2—1) a i ee =[(71—1)y+1]y7Mi2NA22 (for jet) , 
0x? Oy? 
0? 0? 1} 
(M2?—1) “G2 5 bs =0 (for surrounding stream) , 
Ox? Oy? 
ree tense ie Yee, eile. 
Ox 
mAbs =) aie en, | Sal. 
Ox 
d2< co Zhe |y|— °° (14) 
oe = oe ey NI 
By , “4 for) 4>0., Hy) s1 
as NaAia2x 
ay ay n 1A2 
U2 02U 2? 71M? Ara , 
=]— d p=-——= ‘~——.-.. Here, for the condition at the exit of the nozzle, 
ucre yt Ui ee piU;? 72M: 


we must again make the same assumption as that in the preceding section; that is, it must 
be assumed that the flow of the jet has the conductivity only for x>0, except for the case 
A4:42=0. The Laplace transformations of Eqs. (13) and (14) yield 


Oo. 

“Oye 2 

ia — m2?s*o2.=0 , 

d2<o at [yloc 

— — € YN? 
¢:—Bb2=—, $2 
0¢: 02 _ _2NAiAs 
oy oy 3 


—m2s?oi=[(71-Dyt+l]yM2Na2 2/5 ‘ 


| 


(15) 


(16) 
‘ie 260, Sia il e | 


The solution of Eq. (15) which satisfies the conditions of Eq. (16) is found as 
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— méE 1 emisy + e-m18y mo 1 emsy+te-msy BE Detitceiae 
= m+B s? ems+t yes m+ p s3 ems + pe-™m5 m+ B 338 ems — ye—™m$ 
Uri—1)y +1 nM? Naz? (17) 
- my*s* 4 
where 
_m: _V MP1 _m-8 
m = ’ Vie a a ees 
Mi VY M—1 m+ B (18) 
0 =[((11-DMi2n+1]yNA2/mi? ; 
€ =7NaA1A2/m:? : 
Hence 


ae a 10d: 1 ae mE 1 1—e-2m™15 ; m0" 1 Le 
Fis)a=—] Oy facet wh 41 st m+B s*1+ve-2™s ~ m+B s? 1+ve*ms 
mie 1 Lem 
HS ye awele 


1 
Si WNAae ° 


The inverse transformation yields the following expression for the boundary of the jet in the 
neighbourhood of the exit. 


IO6o) =e2 aus {x-a+y) Ss (92m) ule 2n- mh 
m+ B n=1 
= m8 \" {x —(1+y) s (2x 2n-m)-ule—2n- max 
m+ Jo n=1 
mBl (* eae Ee 1 5 i 
——— | {* +(i+yv) H2—2n-m,)-ua—2n-m) ax t+—7NaAidacx? , (19) 
m+ B 0 M1 2 


where nr 70)={ ees is a unit step function. The first term is the same as that in 
X>Xo 
the gasdynamic case; the second term, which has the integrated form of the function in the 


first term, expresses the monotonic spreading or contracting of the width of the jet due to 


Uy 24 Of > : ) or 6’<0: 


U1 U; (r1—-1)M:? 
' and the third and the fourth terms express as a whole the defiec- 


the magnetic field according as 0’>0 (0 <i 
U2 1 
1<—* <14+———_. 
( Ui (1—-l)M?? 
tion of the jet due to the inclination of the lines of force. Here it should be noticed that 
the direction of the deflection changes at U2=U;. On the other hand, the stream line 
through the origin is expressed by 


F()p.o= — ae (‘{ 3 »Ee—(2n—Vm]-ulx—(2n—D mi] det pNiie OD) 
m+B Jo \n=1 2 


§4. Jet of a Weakly Conducting Gas Issuing into the Fluid at Rest in the Presence of 
a Strong Magnetic Field Parallel to the x-Axis 


In this case, we can put as follows, 


DS OWAl +u’ jer + Uw’ ez ) 
H=H(A+h.z’)ei+Hhy'e: , (21) 
E=0, p=pi(lt+p’), p=pil+o’). 


Then, Eq. (1) reduces to 
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Ou’ , Ov’ , 0p 


Ox a5 Oy = Ox > 

CL fstab) 

Ox 71M? Ox ’ 

Ov’ _ 1 Op’ , 
Geen Ty stay HES Pe 
Oh,’ 4 Dhy’ sty 

Ox hay wes 

Ohy’ _ Ohe ae AT 
ae ay =Rm(hy —v’) 
op8 DES Cpe 

Ox it Ox Tat 


We assume that N=RmS~1 though Rm<1 and we neglect the deviationjof the magnetic 
field due to the interaction. Then, the stream function ~ defined by 


pn Sel , Oo” 


—— = ———— 23) 
ere Tey es Ox ’ oo 
satisfies the equation 
ay Reis ap 
= co =0. 24 
ne (M. Dae hy 0 (24) 


The boundary conditions for ~ are given as follows 


beste 0 for x=0, 1>y>0, 

Ox 
Dae; for x>0, y=0, (25) 
Ox 


OY (MAME incleO El - 


The Laplace transformations of Eqs. (24) and (25) yield 


= ger (s?+Ns)b=0 , (26) 
p= for? y=Of"H50', 
ral pees Hoe Vysdl, soSOhc Ce 
Oy Ss 
The solution of Eq. (26) which satisfies the condition (27) is 
ae mE{exp (mV st+Ns y)—exp(—mV's?+Ns y)} (28) 
9 57/s?-+ Ns {exp (miV/s?-+ Ns) + exp (—mV/ ? + Ns)} 
The boundary of the jet is given by F(x)=—[¢]y-1 for this case. Then, 
Fis)= mé 1—exp(—2m/s?+Ns) (29) 


sVs+Ns 1texp(—2mVs?+Ns) 


If we consider the region where W/s is sufficiently small and adopt the first two terms in the 
expansion with respect to it, we obtain 


ss is leew ert imi NE Tole viern (30) 
Lbs MGS 1+y’e-21° DEEN ts C8 dee 118 
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where 
yo =e, (31) 


The boundary of the jet in the neighbourhood of the exit can be expressed as follows, by 
taking the inverse transformation, 


Fx)=mé{xt 2, S (—vy’)" (x —2n-m1) u(x — 2n-m)} 
n=1 


— <mNE \, {* aia Ss (—¥ "oe —2n-ms)-wle—2n-ms) bd ; (32) 
n=1 


0 


This expression reduces to that in the gas- cussion and to Dr. T. Sakurai for kind inspec- 
dynamic case as N->0. The interaction be- tion of the manuscript. 
tween the magnetic field and the conducting 


stream has an influence such as to reduce the References 

deviation of the width of the jet from that at 1) S. I. Pai: Fluid dynamics of jet (D. Van Nost- 
the exit as well as the amplitude, as should rand, 1954) 46. 

be expected. —2)--) Gy Packs J. Aero. Sci. 23 (1956) 7472 


The writer wishes to express his hearty 3) S. Morioka: J. Phys. Soc. Japan 15 (1960) 1516. 
thanks to Prof. Z. Hasimoto for valuable dis- 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 8, AUGUST, 1961 


Steady Temperature in a Composite Elliptic Cylinder 


By Vaclav VopIcKA 
Plzen, Czechoslovakia 
(Received April 27, 1961) 


Classical methods are used to determine the steady temperature distribu- 
tion in a finite elliptic cylinder consisting of any number of plane- 
parallel layers. As illustration of the general procedure, the case of a 
homogeneous isotropic elliptic cylinder is treated in some detail. 


$1. Description of the Problem 
The cylindrical body 


P+ ey—eb<o , 0<z<2n 
is made of ~ homogeneous and isotropic parts 
b?x? + a*y?—a"*b? <0 , PN II 1<k<n, Ap= ; 


with the conductivities 4x, respectively. The problem in question is that of finding the 
steady temperature field in the solid provided that its curved surface 6’x?+a*y’—q@’b?=0 has 
steadily the temperature zero, whereas the other surfaces z=0, z=zn are kept at two tem- 
peratures given in functions f(&, 7), g(&, 7) of the elliptic coordinates £, y to be introduced 
later-see (2.1). In addition to this we shall consider such a tight contact between adjacent 
layers of the body that it is possible to calculate with a continuous variation of the tem- 
perature within the whole cylinder. 
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§2. Mathematical Statement 


Introducing the coordinates £, y, z of the elliptic cylinder by 
x=cch&cosy, y=cshEsiny, z=z, c=Va@—P', (24) 


our problem reduces to determining the solution wx=a(E, 7, z) of the familiar equations 


1 ee | a OPux 9 ; 
c'(ch® E—cos? m) \ OE? | Oy)" Oat” oe 
O= Fxiey ss O57 9n, mK 2c Leper. fo=lg 2” | | 
Mle, 7, O)=FS(E, 2),  unlE, 0, zn)=eE,u), OSE<E, OX<2n (2.3) 
eee, yy cel —=Un&, 7, 2) , 0<E<&, 0<7<2% 
USeaeo, UR9S2r, z=ze, 1skSn—1 
Uux(Eo, 7, z2)=0, OS 270 ee een ee ee Lae (225) 
§3. Particular Integrals 
Assuming the integrals of (2.2) in the form 
ve(E, 9, 2) =X(E)V(y)Zu(z) , 1<k<n (3.1) 
one finds with a free parameter w on one hand 
Zx(Z)= Ax Ch w(Z—Ze-1) + Bx Sh w(Z—Zx-1) , 1<k<n (3:2) 
and on the other 
ae ~(p—2g ch 2£)X=0 , Te + (p—2g cos 27) ¥=0 ; (3.3) 
o is another free parameter and g depends upon o@ through the relation 
sect: (3.4) 
4 


Using Whittaker’s notation and taking into account the obvious periodicity of the required 
temperature functions with regard to 7, we have to consider only the particular integrals?’ 


OFAC) TEV As Zp. 9 2% SGAGhdips Waly Fs By Oe (3.5) 


of the second equation (3.3). It should be remarked that it belongs to every term cen(y7, q) 
of the first sequence (3.5) the well-known expression p= m''(q) of @ in terms of the only free 
parameter g and similarly one has another known form p=Qm'*(q) of o for every sém(7, q). 

As for the first equation (3.3), its particular integrals are the modified functions Cem(&, q), 
Feml&, q) for p=0m(q) and Sem(E, g), Gem(E, g) for p=om'?(q). Hence, taking p=0m'(q), 
the above formulae (3.1), (3.2) yield two infinite sets 


VemlE, 7, Z)=Cem(E, g)cem(y, QZx(Z, g) , 
WimlE, 2, 2)=Fen(E, Q)Cem(N, qQ)Zx(Z, q) ; (3.6) 
1<k<n, m=0, 1, 2,-:: 


of particular solutions of the equations (2.2) and similarly we obtain 
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ViemE, 9, Z)=Sem(E, q)sem(y, q)Ze(Z, q) | 
Wim(E, 7, 2)=GemlE, q)sem(n, q)Zu(Z, q) ; , (3.7) 
LS Rae Wiel, 2, Os a 
by putting p=om')(q) in the above Mathieu equations (3.3). Here 
ZilZ, Q)= Ax ch o(2—Ze-1) + Be sh o(z—2k-1) , 1<k<n (3.8) 


the constants Ax, Bs of integration depending in general upon the parameter qg; the same 
holds by virtue of (3.4) also in the case of o. 

But considering the continuity of the required temperature and of the heat flux in the 
plane €=0 passing through the both foci of the base of our cylindrical body and using the 
elementary properties of Mathieu functions entering in (3.6) and (3.7), there remain only the 
sets vimlE, 7, 2), Viem(&, 7, z) of particular integrals suitable for dealing with our problem. 

As for the only free parameter gq, it is to be found according to the conditions (2.5), i.e. 


from the equations 
CemEo, g)=0 , m=, li, 2a Me aon (7) \ (3.9) 
Sem(Eo, Q=0 , Mrle2, 3,3-h Blips pa (gm 
There corresponds, to each value of m, an infinite set 
mr , LANG BY Oo c 
of positive roots gq=qmr of the equation Cém(&, g)=0 and another set 


Qinr 5) r=1, 2, oF Phe 


of positive numbers, each satisfying the condition Sem(&o,Q)=0. These roots ginr, Qmr are 
known as the parametric zeros of belonging modified functions Cem(&, g), Sem(E, g) at E=E. 
In this way we find two doubly infinite systems 


VimrlE, N, Z)=CenlE, Amr)Cem(7, Gum irnt2) 5 
Z nr(2) = Amr ch Omr(Z —ZK-1) + Bimr sh Omr(Z —Zxr-1) ; 


ee om lSkhaing comple tie -y bre Tredasium: 
c 


(3.10) 
Vier, We Z)= Sem &, Qinr )Semn(7, On Z bene) ; 


Li AZ) =(OrrapOn Qmr(Z—ZK-1) + Dimr sh QZ —Zx-1) ; 


Wea Ta Ge 5 1<k<n 5 7c 2: 3; Oi a— le vee Bec Ais 
C 


of particular solutions of the set of equations (2.2), each satisfying, besides, the boundary 
condition (2.5). 

It is an easy matter to subject the coefficients Arm, ---, Dim, to such relations, that the 
above systems (3.10) satisfy also the conditions (2.4) at the surfaces of separation between 
neighbouring layers of the body. This will be so, if and only if 

Ax+1,mr=Akmr ch Omrlk+ Brmr sh rode yi 
Be+i,mr=Ar(Armr sh Omrl k + Bimr ch Omrl x) ’ 
le=Ze—Ze-1, LXkR<uN—V>) m=0,152,=* 7 1 2S ele 


Crtt,mr=Crmr Ch Qmrdi+ Dimr Sh Qmrle ; 
Dr+t mr = Ar Crmr Sh Qinrelz + Diemr Ch Qmrl x) ; 
le=Ze—2n-1, 1SkSnal poms 2,8)en; 121,12, Bycidey: 
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Writing these equations in the matrix form?) 


Krzt me=Mi(qmr)Kimr > 1<k<n-1 ; m>0 5 Ta 5 


Akmr | 
Kimr= l> <= 
: oe 1ShSn : Grab: 
h Omrl Sh Omrl 
M, mr) = Ke Ky mrt k pe 
k(Qmr) = ae hal: | ; Toka=n—l, me, rel 
GES IN CO Brae S 1<k<n-1 5 m>1 > PH 3 
piel | 
Limr= : NS ty / es 
E [5 Dims | the hs (3.12) 
h Qrl sh Qnrl | 
Nx(Qmr jc ie ae <k<n— 
KEmPTilinceh Och. Sechelt eh ely 
we readily obtain the expression 
Aimer || ) 
Ks 1,mr = eK (Giz) B | : 1<k<n-1 . m>0 se Feel ; 
1Imr || 
Cumr || 
J bs to SelQme) | | paw | ’ 1<k<n-1 , m>1 ’ (aA ’ (3.13) 
Rx(Qmr) =MikGmr) Me-1(Gmr)+ , ‘Mi (qmr) - 
Sx(Qmr) = Ni(Qmr)Ne-1(Qmr) Ee" 2 Ni(Qmr) 
of all the unknown coefficients Azmr,--:, Dim, (1<k<m) in terms of the undetermined 
Aimer; 2 tees Dimr. 
Writing 
ReQmr) =|? ||, Se(Qmr)=[l4,%'P ||, a, B=1, 2 
and using the relations (3.13), our expressions Z/!),(z) and Z\ (z) from (3.10) become 
Lis) = Aimr Ch OmrZ+ Bimr Sh WmrZ , 
rege) = Aimr[KO), ch OmrlZ— Zk) ig fe sh Omr Me Zk)] 
+ Bimr[ey, ch Omr(Z—Zk) ire) sh Omr(Z— Zn) , 
1<k<n-1, m>0, r>1 
(3.14) 


abt: ch 2nrZ+Dimr Sh BmrZ , 

(z)=Cimrl[A). ch Qinr(z—2%) + AP) sh Qinr(z—Zx)] 

+ Dimrl 202, ch Qiar(Z—Z«) + Ap, Sh Qinr(Z—Zx)] , 
V2 Ny ah yall. 


cae 


Recapitulating, we see that the relations (3.10) and (3.14) define two doubly infinite systems 


Viemrl&; 3 Z) ; Vemrl€&, N; Z) ’ 1<k<n, r>1, m>0 for Vimr and m>1 for Vem» 


of particular integrals, each group satisfying not only the equations (2.2), but also the addi- 
tional conditions (2.4) and (2.5). Our problem reduces then to determining the coefficients 
Amr, ***, Dimer entering in (3.14). 


§4. Determination of Aim, ++, Dimr 


Let h(E, 7) be a continuous single-valued function within the region 0<&<&), 0<y<2z and 
let A(E., y)=0 for O<y<2z. Such a function can be represented by the well-known series 
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he, es S h® Cem(E, mr )COn(N, Qmr) + Ds SS h'?) Sem, Qmr)Sem(7, Qnr) ; 
m=0 r=1 ? m=1 r=1 
£0 (22 ; 
| i (ch 2& —Ccos an) h(E, n)Cem(E, mr Cem, Qmr)dEdy 
h = 0 0 = 5 
mr € 
n| "(ch 2E — Omr)Cem(E, Qmr)dE 
‘ ’ ,= @D 


i i (ch 2E—cos 2y)h(E, 1) Sem(E, Qmr)sem(Q, Qmr)dEdy 
hives . ad, 


? 


n\ (ch OF TSB nME, OmndE 
0 


O mr _ A Gonads Gun) cos 2ndn ; 


F nr ™ Jo Sema, Qmr) 


this expansion being valid in the whole extent 0<&<&), 0O<y<2z. 


Let us assume, that the given functions /(&, 7), g(&, 7) from (2.3) have the properties just 
imposed on A(£, 7) and let us assume the required solution ux(£, 7, z) of our original problem 
(2.2)-(2.5) in the form 


HE NE By Di demelE, 7aee Sr Se VerolE.p 2) oem, (4.2) 


the eigenfunctions vimr(E, 7, z), VimrlE, y, z) being defined by the relations (3.10), (3.14). 
Then the only pair of unsatisfied conditions (2.3) appears in the form of two requirements 


F(E, pes Ss Z) (0)Cem(E, Amr) CEn(7, Qn) +>. Diya (0)S@m(E, Onr) Sem, Ora) 4 


lmr 
m=0 r=1 
co 


BE, =X DVL in Zn)COm(E, Gear)cem(9, Qmr)+ 3 DL Zn Zn)SEm(E, Qmr)sem(7, Qmr) ; 


m=0 r=1 m=1 r=1 


0<E<&, 
Equating this with (4.1) and using (3.14) gives the set of equations 
Zi) (0)=Aimr=f ’ 


LE ee) = Amro) ine ch Omrln+ Keer, ay sh Omrln) 


O<y<2z . 


Zi2 (0) =Cimr= ie). , \ 
+ Bimr(K eo? ae ch Omrln + 6, ane sh Omrln) ==gile) ; de 
Zinn) =Cimr(Ae) sn ch Qingdln + See Sh Qinrln) 


+ Dima mae ch Qmrlnt y ela sh LQmrln) =g') 


for the undetermined values Aimr, -+:, Dimr. The Fourier coefficients Fi, +--+, g entering 
in the system (4.3) are to be calculated according to (4.1). 


$5. Recapitulation and Solution of the Original Problem 


Solving the above equations (4.3) and substituting the resulting values Aim,, -++, Dimr into 
(3.14) gives us the expressions Z\)) (z), Z ) (Z) needed in (3.10). Nevertheless, detailed cal- 
culation does not lead to any simple formulae and so we shall break our considerations at 
the present stage. Instead of continuing the laborious calculations it will prove useful to 


give a brief summary of all the preceding results and to show, in what a way they enable 
us to obtain the solution of our original problem (2.2)-(2.5). 


1. Using the given constants 


a, b, 0=20<21<22< SOO hi, ) Ai, As, wih An , 


we first calculate the auxiliary values 
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Ca Eye, bepig  lee,. 4 2en0b TSRSn” Ap= Seep RS 
KL 


2. Solving the equations (3.9) gives us the parametric zeros Amr, Qmr of the modified func- 
tions Cén(E, q), Sem(E, g) at E=Ep. 

3. Using se given functions /(&, 7), g(&, 7), we calculate their Fourier coefficients f°) 
fing). 2 by means of (4.1). 

4. Having used (3.10) to find the values wm,, Qmr, it is an easy matter to write down the: 
matrices Mi(qmr), Ni(Qmr), as defined in (3.11) and (3.12). 

5. The essence and the most difficult part of the problem lie in constructing the matrices. 
R(qmr), Sx(Qmr), as given by the two last formulae (3.13). 

6. Knowing the elements «\%:)), 2\*-6), a, B=1, 2 of Re(qmr) and Sx(Qmr), we can proceed 
to establish the equations (4.3). Solving them gives the coefficients Aim, --+, Dimr. 

7. Using (3.14) yields the expressions Z\?,(z), Z),(z) and herewith we obtain by (3.10) 
the particular integrals vamr(E, 7, z), Vemr(&, 7, Z). 

Having performed all the operations indicated in the preceding seven stages, we cam 
write down the final solution of the original problem, according to the formula (4.2). 


§6. A Homogeneous Cylinder 


To illustrate our general deductions by at least one example, let us treat the case 


Ag, stele, Ill 


corresponding to a homogeneous isotropic cylinder. 
A simple calculation gives 


“| rreny reg hesin epcoveng Hatta ar eae ae 
and the equations (4.3) become 
Arm =f es Crm=Sinr > 
Amr Ch OmrZn+ Bimr Sh OmrZn=Z\°) , 
Cimr Ch SmrZn+-Dimr Sh Qmr2n=g |). 
Solving with respect to Aim, ---, Dimr and substituting into (3.14) leads to the commorm 
expressions 
Li (2) = Saar oa [Ff sh @mr(Zn—2) + 8/0) Sh Omrz] , 
ZY (2)= [f® sh Qmr(2Zn—z) +g 2) sh QmrZ] 


ee 


holding for all 1<k<n. 
Using (3.10) and (4.2) gives us the final solution in the form 


ule, Up 2a=> DS LemlE, dr \obul, Gewr) | p10) sh Omr(Zn—Z2) + Zio) sh OmrZ| 


0 r=1 sh @mrZn 
43 S SemlE, Qmr)Senl7, Qmr) Lf, sh Binr (Zn—2Z) Eg) sh 2mrZl5 (6.1) 
m=1 r=1 sh QinrZn 


the meaning of all the abbreviations is explained in §5. 
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§7. Final Remarks 

1. The above expansion (4.1) can be de- 
duced under more general conditions than 
those cited at the beginning of §4. Thus, it 
would be possible to moderate in some mea- 
sure the requirements imposed upon the given 
functions f(&, 7), g(&, 7) entering in (2.3). 

2. It may be reasoned that the solution 
of many problems like that treated above 
would be greatly simplified by building up a 
theory of Mathieu transforms. This can be 


(Vol. 16, 


done in quite an analogous manner to, for 
instance, the case of the familiar Hankel 
transforms. The outlines of such a theory 
and a number of applications to mathematical 
physics will be the object of separate papers. 
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Ultrasonic Dispersion in Acetone 


C. Raghupathi Rao 
Department of Physics, Nizam College, Hyderabad-Dn. India 
(Received March 13, 1961) 


The study of dispersion of acoustic velocity in acetone employing 
ultrasonic waves of very high frequencies up to 180 Mc/s has been made 
for the first time and no positive evidence of dispersion could be estab- 


lished. 


It is shown that the angular distribution of high frequency dif- 


fraction is less in acetone than that in water, as this depends only on 
the parameter rL/4* where L corresponds to the length of the sound 
path traversed by the light beam and 4* corresponds to the sound wave- 


length in the medium. 


$1. Introduction 


The study of dispersion in liquids has been 
carried out by many workers!’-®) but disper- 
sion has not been positively established in 
many cases. Raghavendra Rao’ observed 
definite evidence of dispersion of acoustic 
velocity in liquids. He determined the hyper- 
sonic velocities in a number of organic liquids 
by a study of the fine structure of mono- 
chromatic radiations scattered by liquids. He 
reported a decrease of acoustic velocity by 
about 225 m/sec in acetone. Venkateswaran® 
reported a decrease of acoustic velocity in 
acetone by about 20m/sec at 28°C, while 
Fabelinskii?® observed no change. Rank, 
Shull and Axford’) observed an increase of 
125 m/sec at —78°C. The accuracy of hyper- 
sonic measurements, however, is compara- 
tively small. So, it is interesting and useful 
to perform the measurements by using ultra- 


sonic waves of very high frequencies in 
liquids to detect or disprove dispersion posi- 
tively. 


§2. Method 


Ultrasonic velocities have been measured 
using the usual Debye and Sears’®’ optical 
diffraction method at low frequencies up to 
80 Mc/s and the simultaneous excitation 
method® at high frequencies upto 180 Mc/s. 
It is possible to excite the first order diffrac- 
tion lines symmetrically on either side of 
zero order up to 80 Mc/s in the normal incid- 
ence position of the crystal holder but at 
higher frequencies, the crystal holder is to 
be tilted to the appropriate Bragg angle’ so 
that a single diffraction order makes its 
appearance. The fringe width of the high 
frequency diffraction order is computed by 
measuring its distance on a comparator from 
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the low frequency diffraction lines. 


$3. 

The ultrasonic velocities measured in this 
way are given in Table I for various frequ- 
encies from 28 to 180Mc/s. The study of 
dispersion of acoustic velocity in acetone em- 
ploying ultrasonic waves of very high frequ- 
encies up to 180Mc/s is made for the first 
time and Table I clearly shows the absence 
of dispersion at these frequencies. 


Results and Discussion 


Table I. 


A=5893 A.U. Temperature=28°C. 

ae Fringe width sjq Velocity in 

y® "da, In/cms y metres/sec 
28.19 0.4678 60.27 1184 
48.73 0.8122 59.99 1179 
73.08 1.2120 60.30 1184 
149.80 2.4901 60.17 1182 
180.25 2.9900 60.26 1184 


$4. Angular Distribution of High Frequency 
Diffraction 


The high frequency diffraction order gen- 
erally persists in the field of view over an 
angle on either side of its Bragg position. 
This angular width over which the diffraction 
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order appears is termed as “ the angular distri- 
bution of high frequency diffraction”. In 
order to find the variation of this distribution 
of diffraction with increasing frequencies in 
acetone, this investigation is undertaken. 


sin (#L/a*) 

(cL/A*)o 
is useful in this study. J,: denotes the inten- 
sity of the first order, L represents the length 
of the ultrasonic path travelled by the light 
beam, %4* corresponds to the sound wave- 
length in the medium and ¢ shows the angle 
of deviation of the sound wave-front from the 
Bragg position. It can be seen by differentiat- 
ing the above expression that the angular 
distribution of high frequency diffraction de- 
pends only on the value of the parameter 
zL/d*. At higher frequencies this parameter 
increases, making the high frequency diffrac- 
tion order appear over a very small angle. 
That is to say, for very high frequencies and 
large lengths of the sound field, the pheno- 
menon of characteristic reflection of light 
gains importance. 

With the help of the Photo-tube, the inten- 
sity of the first order of diffraction is mea- 
sured and plotted against the tilt of the 
crystal holder. The theoretical curves and 
the experimental ones obtained by the Photo- 


The expression!» Tas= Inf 
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op) g 
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Fig. 1. Angular distribution of high frequency diffraction in acetone. Comparison between theory 


and experiment. 
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tube are shown in Fig. 1 to facilitate com- 
parision. For all the frequencies employed 
in this study, the maximum intensity of the 
first order of diffraction is adjusted to be the 
same and the effect of tilt studied by the 
Photo-tube. It will be noticed, firstly, that 
the curves become narrower as one approaches 
higher frequencies, showing their dependence 
on the parameter zL/A*; secondly, that the 
theoretical curves are always bound within 
the experimental curves and thirdly, that the 
theoretical curves show a sharp fall in intensity 
while the fall in the experimental curves is 
very gradual. These deviations in intensity 
can, however, be explained as mainly due to 
the fact that the sound field is not the ideal 
plane wave with un-damped amplitude as as- 
sumed in the theory. 


C. Raghupathi Rao 


(Vol. 16, 


A comparision of the angular distribution 
of high frequency diffraction in water and 
acetone is very instructive. At 50 Mc/s both 
the diffraction orders on either side of the 
zero order persist through a large angle, 
though faintly, in water; while a single dif- 
fraction order appears over a small angle in 
respect of acetone. This behaviour of the 
diffraction pattern at this frequency in the 
two liquids is shown in Fig. 2. The angular 
distribution of high frequency diffraction is 
less in acetone than that in water!?) This is 
due to the small wave-length of sound in 
acetone, its ultrasonic velocity being smaller 
than that in water. 

In conclusion, the author’s thanks are due 
to Dr. S. Bhagavantam for his keen interest 
in this work. 
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Fig. 2. Comparision of Angular distribution of high frequency diffraction in acetone and water. 
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Paramagnetic Resonance of Cobalt in 
Cadmium Chloride and 
Cadmium Bromide 


By Kazuo MORIGAKI* 


Department of Physics, 
Osaka University, Osaka 


(Received May 17, 1961) 


Paramagnetic resonance of Co2+ ions present as 
substitutional impurities in single crystals of cadmi- 
um chloride and cadmium bromide has been ob- 
served below about 40°K using the frequency of 
9300 Mc/sec. 

The orbital ground state of Co2+ ion in the cubic 
crystalline field has a threefold degeneracy, which 
is split into a singlet and a doublet if the trigonal 
field acts on the ion in addition to the cubic field. 
Each Co?+ ion substituting cadmium ion is sub- 
jected to a crystalline field of approximately cubic 
symmetry with a trigonal component in the CdCly- 
type lattice. The observed spectra of Co2+ ions in 
cadmium chloride can be described by the following 
spin Hamiltonian, 


GFE = 9 CHS +916(A2S2' + H,Sy') 
+ATL,S/ + BUzS2' + IySy’') 


with effective electron spin S’=1/2, nuclear spin 
I=7/2, 97 =3.0440.02, g, =4.95+0.02, A=(36+6) x 
10-4cm-!1, B=(169+9)x10-4cm-! at 4.2°K, and 
9 =3.0340.02, gi =4.95+0.02, A=(36+6)x10-4 
cm-!, B=(167+9)x10-4cm-! at 1.4°K, where the 
z direction is chosen to coincide with the ¢ axis of 
the crystal.** The above spin Hamiltonian indi- 
cates that the lowest level of Co2+ ions in the 
cadmium chloride crystal is an orbital singlet. The 
observed values of gj and g, can be explained by 
the theory of Abragam and Pryce!). 

The paramagnetic resonance spectrum of Co?+t 
ions in cadmium bromide at about 10°K can be 
fitted with the above spin Hamiltonian with the 
following values of the parameters; gj =2.71-40.05, 
g1 —4.99+0.05, A=(82+8)x10-4cm—!, B=(175+10) 
lsat, Sl) /2—-and f= 1/2. 

The resonance lines of Co2+ ions in cadmium 
chloride and cadmium bromide can be saturated at 


* Present address: Sony Corporation Research 
Laboratory, Hodogaya, Yokohama. 

** The above values of gj, gi, A and B agree 
with those measured at 20°K by M. F. Partridge 
which are quoted in reference 3. 


relatively small power (below half a milliwatt) of 
the microwave at liquid helium temperature. The 
measurement of saturation of the resonance lines 
of Co2+ ions in cadmium chloride was done at 
4.2°K and 1.4°K in the case of the static magnetic 
field perpendicular to the ¢ axis in which eight 
h.f.s. lines could be observed. The saturation be- 
haviour is an inhomogeneous type at both tempera- 
tures and the products of JT; and JT, are given as 
follows: 7T,-T,=6.6x10-!2 sec? at 4.2°K and 7,:T, 
=3,15<%10-Wsee2sat Ack 

As the measuring temperature is increased above 
4.2°K, the resonance lines are broadened gradually 
and above about 40°K they become unobservable 
because of the too short spin—lattice relaxation 
time. The spin—lattice relaxation time at about 
40°K estimated from the line width is 1.4x10-9 
sec. The temperature dependence of the spin— 
lattice relaxation time is understood by the direct 
process in the interaction between phonons and 
spins in the temperature range from 1.4°K to 4.2°K 
and by the Raman process in the temperature range 
from 20°K to 40°K. 

Besides the allowed transitions described above 
the forbidden transitions which correspond to a 
simultaneous flipping of electron and nuclear spins 
in the same and opposite directions are observed 
at 4.2°K in the case of cadmium chloride crystal 
when the oscillating magnetic field has a component 
parallel to the static magnetic field. In the static 
magnetic field perpendicular to the c-axis, each line 
of seven forbidden h.f.s. lines is located in the 
middle between every eight allowed h.f.s. lines. 
The relative intensities of the forbidden lines in 
themselves are in good agreement with those calcu- 
lated from the formula of the transition probability 
given by Jeffries?) using the above parameters of 
the spin Hamiltonian, but the ratio of the intensity 
of the forbidden lines to that of the allowed lines 
is five times as large as that expected from the 
theory of Jeffries. 

The full accounts of this report will be published 
in a near future. The author would like to thank 
Professor J. Itoh for his helpful discussions. 
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Oscillator Strength of I--Absorption Band 
in KCl Crystal 


By Takehiko ISHII 


Department of Physics, The Faculty, of Science, 
Tohoku University 


(Received June 5, 1961) 


A KCI crystal containing a small amount of KI 
shows an absorption band due to the presence of 
I- ions’). The absorption peak of this band ap- 
pears at the wavelength of 188 mp at room temper- 
ature. If the concentration of I~ ions in the crystal 
is known and the absorption curve is precisely 
measured, one can calculate the oscillator strength 
of this band using Smakula’s formula. The oscil- 
lator strength of the I--absorption band has been 
determined by this principle. 

Five KCl single crystals containing different 
amounts of KI were grown from the melt in air 
by Kyropoulos method. The absorption spectrum 
of each crystal was measured at room temperature 
with a vacuum spectrophotometer constructed in 
our laboratory2). The resolving power of the 
spectrophotometer was set to give 4A~0.5 myp in 
the present case. The absorption spectra are shown 
in Fig. 1. The absorption peak was located at 
188.5 mp and the half width of the band was 0.31 
ev. The’ optical density at the band peak of speci- 
men No. 5, in which the concentration of I~ ions 
is 1.17<1019cm~-3, is too large to be directly meas- 
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ured and was estimated from the band tail. 

The concentrations of I~ ions in the crystals 
were determined by chemical anylysis. Potassium 
iodide in specimen was oxidized to give IO;~ with 
potassium permanganate, and liberation of iodine 
from I0;- was made by adding KJ. The concen- 
tration of freed iodine was determined by photo- 
colorimetric iodimetry. using starch. In KCl crystal 
Br~- ions are usually contained as an impurity. In 
the present chemical analysis, a procedure which 
is not affected by the presence of Br~ ions is 
employed. The result of this colorimetric analysis 
is tabulated in Table I. 


Table I. Concentration of I~ ions and calculated 
oscillator strength. 
Specimen Ory (Cm) ny (cm~3) f 
No. 1 7.77 | 7.25x1016 | 0.29 
| | 
No. 2 12.4 | 1.21 x1017 0.27 
No. 3 ORG 5.90 10!7 0.32 
No. 4 204 1.70 x 1018 0.32 
No. 5 1450 le ehed 1029 0.33 


The height of the absorption maximum is not 
proportional to the concentration of KI added be- 
fore melting, but seems to be proportional to that 
in the crystal. The oscillator strength is calculated 
with Smakula’s formula 


nmf= 1.31 x 1017 x Qn W ) 


n 
(n2+2)2 
where mo is the concentration of I~ ions in cm 3; 
nm is the refractive index of the crystal at 188.5 mp, 
a, is the absorption coefficient in cm! at 188.5 
mpz and W is the half width of the band in ey. 
In the present case, the value of »=1.796 is adopted 
which is obtained with appropriate interpolation of 
the data measured by Martens and Gyulai3). The 
oscillator strength is given as f=0.30+0.04 by 
taking the mean of the values in the Table I. 

The author expresses his cordial thanks to Mr. 
S. Tamura, the Institute for Solid State Physics, 
University of Tokyo, for his guidance in chemical 
analysis. He also appreciates Professors M. Ueta 
and K. Kobayashi for their kind interests and use- 
ful discussions throughout this work. 
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Magnetic After Effects in Manganese 
Zinc Ferrites 


By Tsuneo AKASHI and Takashi OKADA 


Research Laboratory, Nippon Electric 
Company, Limited, Tokyo 


(Received March 2, 1961) 


Co-existence of the Richter Type after effect and 
the time decrease of initial permeability has been 
observed in many ferro- and ferri-magnetic materi- 
als such as iron-steel!).2), Mn-Zn ferrites®).4), Ni-Zn 
ferrites) and Mn-ferrites’). Snoek has proposed 
the theory!).2) that the two effects are caused by 
the impurity atoms in ferro magnetic materials. 
In ferrites, it has been assumed by many 
authors?).5) that the transition Fet+@Fet+t+ is re- 
sponsible for the two effects. 

In this short note, we report the influence of 
partial oxygen pressure of the atmosphere (PO,) 
during sitering process (1200C° 4hr) on the two 
effects, observed for several Mn-Zn ferrites whose 
composition are given in Table I. 


Table I. 
Sample Fe,03 MnO ZnO 
No (mol %) (mol %) (mol %) 
1 48 SE 18.8 
2 49 32.6 | 18.5 
3 51 S20 | Teg, 
5 28.7 | 4 


| 55 16. 

Richter Type after effects observed in the sam- 
ples having the same composition and being sinter- 
ed in various atmospheres are shown in Fig. 1. 
The peak values of tang increased with the de- 
creas of PO,.. The temperatures at which the 
peaks occured, were found to be dependent on the 
composition of the ferrite but not on PO;. As is 
usually accepted, the Richter type after Effects, 
observed in the samples having excess Fe,O; (be- 
fore sintering) is caused by the transition of 


electrons between Fet+t+ and Fet++. Thus the 
015; 
—— Fe20z3 53 mol % Sintered in pure Nez (99.99%) 
—-—Fe203 53 mol% Sintered in Ne (O2 0.2%) 
2 Ol --—- Fe2O3 53 mol% Sintered in N2 (Oz 1.0%) 
8 a eet 
) cs Bend 
-200 ~150 -100 -50 (0) 
Temperature (°C) 
Fig. 1. Richter type after effects in} Mn-Zn 


ferrites, 
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present results indicate that Fet! content in the 
Mn-Zn ferrite would be decreased with the increase 
of PO,. 

Time decrease of initial permeability obtained 
can be expressed by 


Ap|p=(a/p) log (t/to) (1) 
where 4 is the decrease of initial permeability 
after t=t). The observed relations between a/p 


and composition of the ferrites are shown in Fig. 
2 as a function of POy. a/p are sensitive to the 
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Fig. 2. The decrease of initial permeability in 
Mn-Zn ferrites after sintering. 


compositions as well as PO.. It is interesting to 
note that the assumptions that the transition of 
electrons between Fet+ and Fet++ is also respon- 
sible for the time decrease of initial permeability 
may not be valid, because the increase of POs, i.e., 
decrease of Fe++, gave rise to the increase of a/p. 

The authors wish to express their sincere thanks 
to Dr. M. Kobayashi rnd Dr. Y. Ishikawa for their 
kind guidance. 
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Some Properties of Complex Oxides” 
AB, ;Bo :03 of Perovskite Type 


By Shoichiro NomMuRA and Tatsuyuki KAWAKUBO 


Physics Department, 
Tokyo Institute of Technology, 
O-okayama, Meguro-ku, Tokyo 


(Received May 9, 1961) 


Recently it has been reported by Brixner!) that 
several oxides of ABo,5Bo,;03 type (A=Ba, Sr: B= 
W, Mo: B/=Ni, Co) show the perovskite structure, 
cubic for the oxide of barium and tetragonal for 
the oxide of strontium. We have made x-ray 
measurements on the oxides in which Ba and Sr 
atoms are mixed at various ratio in the position of 
A, and also measurements of electric conductivity 
on Sr oxides. 

The specimens were prepared by the method of 
two successive solid-state reactions at 1250~1350°C 
and 1 atom pressure of air. The crystal structure 
at room temperature was determined from the 
powder diffraction patterns, using CuK radiation, 
and it was ascertained that all of these oxides are 
of perovskite type and further that the dimensions 
of the unit cell a and ¢ can be represented as a= 
2a), ¢=2c9, where ap and ¢ are those of the unit 
cell of typical perovskite structure containing one 
molecule in it. This fact suggests us that the rock- 
salt type ordered arrangement of B and B’ ions is 
realized in the crystal. The values of the cell 
dimensions are in good agreement with Brixner’s 
data'). The ordered arrangement was not broken 
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by quenching from temperature as high as 1250°C. 

By replacing some of Sr ions with Ba ions, the 
unit cell volume of the oxides of strontium in- 
creased and the tetragonality decreased with the 
increasing content of Ba ions until it became 1. 
As an example, the result for BaMoo,sNio,sO3— 
SrMop,;Nip.s03 system is shown in Fig. 1, where 
the cell volume varies almost continuously with 
the content of Ba ions, passing through the tran- 
sition from the tetragonal- to cubic-phase. 

The electrical conductivities of these samples in 
the temperature range from r.t. to 300°C were 
measured by the two terminal method and an 
anomaly was found for each oxide of strontium. 
The results obtained are exhibited in Fig. 2. The 
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logarithmic law of conductivity holds for all sam- 
ples. It is to be noted that for each oxide of 
strontium the activation energy abruptly changes 
its value at a certain temperature, while for oxide 
of barium it remains constant in the temperature 
range concerned. The anomaly observed in the 
electrical conductivity-temperature characteristics 
is considered to be due to the crystal deformation 
accompanied by the polymorphic transition from 
the tetragonal- to cubic-phase. 

We may conclude from these measured results 
that the transformation from the tetragonal- to 
cubic-phase can be induced in the oxides of 
strontium by raising the temperature as well as 
by replacing Sr ions partly with Ba ions. The 
detailed investigations are now in progress. 

The authors wish to express their thanks to Mr. 
H. Machino for his helps in the experimental pro- 
cedures. 
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Cross Modulation Line Profiles in Cyclotron 
Resonance Experiments 


By Louis GOLD 


Radiation Laboratory and Department of 
Nuclear Engineering University of 
Michigan, Ann Arbor, Michigan 
(Received May 10, 1961) 


Work is in progress to characterize the line 
profiles associated with d.c. cross modulation signals 
recorded in cyclotron resonance experiments with 
semiconductors. For a many-valley semiconductor, 
rather complicated algebraic expressions need to be 
elaborated for this purpose. It will thus be possible 
in the future to investigate scattering processes 
and related phenomena directly from cross modula- 
tion data. 

The theory differs substantially from conventional 
treatment of cyclotron resonance, incorporating fully 
the dispersive behavior of the free carriers; the 
cross modulation effect is intimately connected with 
the role of the magnetoplasma. Hence delineation 
of the cross modulation response requires identifi- 
cation of the appropriate dispersion relation which 
is embodied in the following finding for the effec- 
tive conductivity « in the circumstance of zero 
bias voltage. 


; 2 4 
— fury fe—4fi(au- sce ae 
oe . OL Cae ae il 
Ceft= ~iof $$ \ 5 (Cb) 
For the collision-free limit, the functions f;,. take 
on the values 
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where aj, are the dimensionless components of the 
—_> . . 

mass tensor m (whose longitudinal and transverse 

components are reprectively m, and mz) 


m = "5 (an) (3) 


as dictated by orientation of the electric vector and 


ire 
the d.c. magnetic field H relative to the crystal 
axes; the other quantities are: 


SF (G51) = 11022033 + 212013023 


= (ai1a03-+ 2203+ sat) , (4) 
, 3N@ 3qH 
@ p= yee Pei et ’ 


where WN is the electron density (charge q). 

The foregoing supposes strict alignment of the 
external magnetic field normal to the direction of 
the electromagnetic wave. The cross modulation 
resonances in this circumstance, originating when 
f:=0, are given by 


aes © p*(A22033 — a3) Toerass (5) 
S(aju) 

It may be recognized that this corresponds to the 
coupled plasma and cyclotron oscillations in the 
scalar mass limit, w2=w»?+,2. In the limit where 
wopKwe~w, the usual cyclotron resonances arise?.... 
a result which is independent of the orientation of 
the fluctuating fields and the wave front itself. 

Now, unlike the ordinary cyclotron resonance 
situation where the number of lines depends only 
upon the direction of the externally applied mag- 
netic field, additional lines may appear if the per- 
turbing fields shift direction as can arise in a dis- 
persive medium. The nature of these lines was 
described some time ago#) and the present analysis 
has strengthened the suspicion that the origin of 
ghost-linest) may indeed be linked to coupling of 
plasma and cyclotron modes. 

A more complete understanding of this pheno- 
menon (strange sensitivity of the cross modulation 
spectra to various conditions such as changes in 
light intensity4)) should emerge upon a detailed 
examination of the line shapes where expression (1) 
is properly modified to include the role of collisions 
and realignment of the wave normal. 
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Temperature Distribution around the Rest 
or Moving Solid-Liquid Interface 
in a Rod 


By Mikio YAMAMOTO 


The Research Institute for Iron, Steel and 
Other Metals, 
Tohoku University, Sendai 


(Received March 20, 1961) 


It has already been known that a high yield 
percentage in growing single crystals from the melt 
is obtained by the high purity of the material used, 
low velocity of crystallization, and high tempera- 
ture gradient in the specimen!). It has also been 
found that the orientation distribution of single 
crystals grown at high rates from the melt shows 
a remarkable anisotropy?). The interpretation of 
these facts requires the clarification of the process 
of solidification and of the associated factors. 

We have considered the temperature distribution 
around the solid-liquid interface as one of such 
factors and calculated it as a function of the tem- 
perature gradient in the furnace and of the moving 
velocity of the interface or the velocity of crystal- 
lization for the case of an infinitely long rod which 
is either at rest or moving at a constant velocity, 
R, in an infinitely long cylindrical vacuum furnace 
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having a uniform temperature gradient, Gy (>0). 
It is assumed that the solid-liquid interface is planar 
and that the temperature distribution in the normal 
cross-section of the rod is uniform so that the heat 
convection does not occur in the liquid. 

Let us denote the temperature of the furnace as 
T,, the cross-sectional area of the rod as A, its 
circumference as S, its density as @, its specific 
heat as ¢, its thermal conductivity as k, its emis- 
sivity as oc, its temperature as 7’, its temperature 
gradient as G, its melting point as J7',, its latent 
heat of solidification as L, the positional coordi- 
nate along the rod axis as ~, and the time as t. 
We indicate quantities associated with solid and 
with liquid, respectively, by putting the subscripts 
sand]. Taking x=0 at the interface separating 
the solid portion (~<0) and the liquid one (4>0) 
and denoting the moving velocity of the interface 
as R;, we have, at the interface, 


ksAsGso—kt AiGio=0sAsInR , Gl ) 


which was already obtained by Goss?), and, for the 
solid and liquid portions, 
— ROT /0t) = a0? Tak), + (S/A)B(T *— T 4) , 


where 


(2) 


b= it ’ 
and 


(3) 
a=k/oc B=c/oc . 


From Eqs. (2) and (1), we get an equation 


(1/2)(To— Tyo) [(o1erAr—scsAs)RitkhrAr{(Ri2/a;?) —4(Ri/ar)Gz/(To— Ty) 
+4Ki( Tot Tyro)(To2+ Tyo) 2 +hsAs{(Ri2/as2) —4(Rilas)G ¢/(To— Tyo) 


| 4Ks(To+ T o)(To2 + Tyo2)} 4/27] =(kiAi—ksAs)Gr+0sAsLR;i , 


where 


K=(S/A)(e/k) . 


Eq. (4) yields, for small Gy and R;, 


Tyo=Ta—{(BG s+ DRi)/2T 73/2} , 


Gw=Gy—Ky/2(BG7+DRi) , \ 
Gso=Gy+ Ks'/2(BG s+ DRi) , 


and 


Ti=Ts+{(BGy + DRv/2T 9°} exp [—(Ri/2a1) —2K 127 93/2{1 —(3/8)(BG y+ DR»)/T n°} |x , 
Ts=Ty7+{(BGz+ DRi)/2T 9*/?} exp [—(Ri/2as)+2Ks'/2T 99/2{ 1 —(3/8)(BG r+ DR»/T 5/2} a , } 


where 
B=(kiA1—ksAs)/{(S1Atkyo7)/2 + (SsAsksos)'/2} 
and 
D= OsAsL/{(SiArki07) 2 +(SsAsksos)!/2} : 


These equations indicate that, for the rest interface 
(Ri=0), Ta2=T yo, Go2=Gy, and Gs=Gy according 
as k,A,2ksAs as for usual metals or for bismuth’), 
and that, for the moving interface during solidifi- 
cation (R;>0), as R; increases, eventually T'» be- 
comes larger than Tyo, Gio becomes negative, and 
Gso becomes greater than G,;, even in the case 


ki Ar<ksAs. 


(5) 


(6) 


@7) 


These results of calculation are found to accord 
well with the results of Goss and Weintroub’s3).4) 
experiments with moving rod in a fixed furnace, 
which measured dT/0t=RiG. The detail will be 
published elsewhere soon. 
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Electron Spin Resonance in Neutron- 
Irradiated LiF 


By Kazuo MORIGAKI* 


Department of Physics, 
Osaka University, Osaka 


(Received June 1, 1961) 


Electron spin resonance in neutron-irradiated LiF 
has been studied at 4.2°K and 1.4°K with various 
power levels of the microwave to examine whether 
the resonance line is due to more than one mag- 

_netic centers. Single crystals of LiF obtained from 

Harshaw were exposed at room temperature to 
thermal neutron with neutron doses of 2106 nyt 
and 1x10'6nvt. The partially resolved h.f.s. with 
g=2.002+0.002 were observed in these crystals. 
The spacings between neighboring h.f.s. lines are 
given for some orientations of the magnetic field 
as follows: 14.7G for [111], 14.4G for [001], 12.0 
G for [110], and 6.8G for the direction making the 
angle of 70° with the [001] axis in a (110) plane. 
It was found that the entire line shape which is 
Gaussian at the small rf field depends strongly on 
the intensity of the rf field. The line width (4H ms) 
decreases and partially resolved structures become 
less emphasized with increase of the intensity of 
the rf field as shown in Fig. 1. On the other hand, 
the spacing between h.f.s. lines does not change 
with the intensity of the rf field and as to the line 
widths of resolved h.f.s. lines little change is ob- 
served over the power range of the microwave 
available in this experiment, but a slight increase 
is recognized at the maximum microwave power. 

A sample with 2x10!nvt irradiation was kept 
at 290°C for 15 minutes, followed by quenching to 
room temperature.** By this heat treatment the 
line shape was transformed into Lorentzian. In the 
magnetic field parallel to [111] partially resolved 
h.f.s. lines were observed with spacing of 14.9G. 
The line width of the broad line is almost isotropic 
to be given as 77G at the small rf field. The de- 
crease in the line width and the ratio of hz to hk; 
with increasing intensity of the rf field was observed 
in a manner similar to that in the case of the 
sample before heat treatment. The resonance line 
saturates in smaller rf field than that on the sam- 
ples before heat treatment. 

A possible explanation for the above experimental 
results is given as follows: Two distinct types of 
magnetic centers contribute to the resonance spec- 
trum, one of which is responsible for the resolved 


* Present address: Sony Corporation Research 
Laboratory, Hodogaya, Yokohama. 

** A prolonged heat treatment at 250°C (for 10 
hr) gave the new anisotropic spectrum which con- 
sisted of many lines. 
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Fig. 1. Dependence of the ratio of ho to h,, the 
line width, and the spacing of neighboring h.f.s. 
lines on the microwave power inside the cavity, 
P., in the magnetic field parallel to [111] at 
1.4°K. The spectrum observed at 1.4°K and at 
P. of —14db (H,=0.033 G) is also shown in the 
figure. 


h.f.s. and the other gives a broad line superposed 
on the resolved h.f.s.. A broad line of Lorentzian 
shape appears with increase of the intensity of the 
rf field owing to a difference of saturation behavior 
between both magnetic centers. The former is the 
F center distributed isolately over the crystal, and 
the latter may be the aggregate Ff’ centers which 
interact each other to narrow the resonance line 
owing to the exchange interaction among them, but 
are not so aggregate that they form a colloid. 
Transformation of the line shape associated with 
heat treatment indicates that isolated F’ centers 
diffuse to form aggregate states. 

Recently Kim, Kaplan, and Bray!) reported ob- 
servations of the resonance lines similar to those 
described here, but their suggestion that the re- 
solved h.f.s. is not due to the Ff’ center is incon- 
sistent with our interpretation. On the other hand, 
our interpretation supports the conclusion of Holton, 
Blum, and Slichter2).3) that the resolved h.f.s. is 
due to the F' center. 

The full accounts of this report will be published 
in a near future. The author would like to thank 
Professor J. Itoh for helpful discussions and Mr. 
H. Betsuyaku of Japan Atomic Energy Research 
Institute for suppling the crystals receiving neutron 
irradiations. 
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Linewidth of Cyclotron Resonance of 
Pure Germanium 


By Hazimu KAWAMURA, Masakazu FUKAI, 
Yoshikazu HAYASHI and Tamotsu HASHIMURA 


Institute for Solid State Physics, 
University of Tokyo 
(Received June 23, 1961) 


The width of the cyclotron resonance line in- 
creases with the increase of the microwave power 
absorbed by crystal as the result of the rise of 
electron temperature and the consequent increase 
of the collision frequency. The experiment was 
made on nearly intrinsic germanium with excess 
donor concentration of 7x101!2/cem% at 1.6°K by 
making use of 6mm microwave. The free carriers 
were generated by means of infrared light chopped 
at 75 cycle/sec. The microwave power was changed 
by a calibrated attenuator. The maximum power 
(0 db) falling on the sample cavity is in the order 
of 1mW. 

Fig. 1 is an example of the resonance pattern 
displayed on X-Y recorder. The four peaks cor- 
respond to the four valleys which have different 


a eee 
25.5000 
Intrinsic 


} 


 § Kgauss, 
The cyclotron resonance absorption of 


Ge at 1.6°K. Np=7%X10!2cm~3. Micro- 
wave power is —25.3db (~1 micro-watt). 
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cyclotron masses for given direction of magnetic 
field. If the linewidth is resulted only from the 
finite free time of the carriers, the line shape is 
Lorentzian and its half width 4H/H is equal to 
l/wr, where w is the microwave frequency and ¢ 
is mean free time of the carriers. From the reso- 
nance curves for different powers, we can see that 
the linewidth becomes broader with the increase of 
applied power. It mdy also be noted that wr is 
larger for heavier mass valley. It is natural that 
the rate of power absorption is reciprocally pro- 
portional to the mass m* in the direction of oscil- 
lating electric field. In Fig. 2 l/wr is plotted as a 
function of P/m* in log-log scale, where P is the 
relative power falling on the specimen. It is shown® 
that 1/wree(P/m*)'/” where n is 2.9+0.3, except in 
the region of less than one microwatt, where 1/wr 
tends to a finite value corresponding to the state 
that electron and lattice are in equilibrium. 

If E is the microwave field in the specimen, the 
rate of power absorption is given by (eH )?c/m*. 
The rate of energy loss is given by <de>/c, where 
<de> is the mean energy loss per collision. When 
the lattice temperature is much less than the elec- 
tron temperature, electron can lose energy only by 
the spontaneous emission of phonon. The momen- 
tum of emitted phonon is roughly equal to the 
momentum of electron on the average. Hence we 
find that <4e>=hw=heo =~ her, where « and k are 
the momentum of phonon and electron. In this 
situation 1/r is proportional to k2 instead of k, since 
the factor 2n+1 (=2kT/hw) in the expression of 
l/r should be replaced by one for the case that 
only the spontaneous emission is effective, and w is 
proportional to k. Thus <4e> becomes proportional 
to 1//- . Putting the rate of energy loss and gain 
are equal, we get the relation that 1/r is pro- 
portional to (P/m*)!/2.5, since P is proportional to 
K?. Michel et al.!) has recently observed the P1/4 
relation, but we cannot understand 
the discrepancy. 

We should like to express our 
thanks to Prof. Toyozawa for his 


suggestive discussion. 
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Fig. 2. Linewidth as the function of P/m*, where P is the ap- 
plied power and m* is the effective mass along the direction of 


oscillating electric field. 


1961) 


J. PHys. Soc. JAPAN 16 (1961) 1647~1648 


Etch Pits on X-Ray Damaged 
Rochelle Salt 


By Kenkichi OKADA 


Department of Fine Measurements, Nagoya 
Institute of Technology, Nagoya, Japan 


(Received June 2, 1961) 


Recently Takahashi and Nakamura!) published a 
theory of domains anchored to screw dislocations 
in ferroelectric crystals, and they pointed out that 
the dislocations play important roles 
behaviors of ferroelectrics. Dislocation etch pits 
were found by Nakamura?) and Ohi 3-4) on GASH 
and by Toyoda’) on triglycine sulfate 
Furthermore, Nakamura and Ohi®) made 
a thorough investigation on etch pits on c-plates 
of rochelle salt. Longer sides of the quadrangular 
pyramidal pits are in the a-direction. It was con- 
cluded that these etch pits correspond to emergence 


in certain 


crystals, 
crystals. 


points of dislocation lines running parallel to the 
c-axis. In rochelle salt crystal there exist open- 
cored dislocations parallel to the c-axis which are 
called sudarés among Japanese researchers. Some 
of the etch pits correspond to the sudarés. 

In the previous paper?), a phenomenological 
theory of the ferroelectric properties of damaged 
rochelle salt was reported. A model was proposed, 
in which polar anisotropy centers introduced by 
irradiation interact with the other regions. In 
order to obtain more concrete image of the polar 
anisotropy centers in the model, effects of X-rays 
on the dislocation etch pit pattern and on the 
distribution of the sudaré were studied. An X-ray 
tube was running at 40kV and 15mA. At the 
ferroelectric temperature region, plates of rochelle 
salt were irradiated for about 3 hours and were 
etched by distilled water. 

Damaged crystals revealed etch pits of hip roof 
shape of which ridges were along the a-direction. 
Fig. 1 illustrates an etch pattern of a natural c- 
face. The left two-thirds were exposed to the ir- 
radiation, while the right one-third was kept virgin 
under a lead plate protector. In the damaged 
region, pits which have been arranged in a linear 
array are extended in hip roof shape by the irrad- 
iation. This observation may lead us to the sup- 
position that some serious changes in dislocations 
would be introduced by irradiation. 

It was reported by a few investigators®.») that 
the sudarés are increased by X- and  ;-radiations. 
Fig. 2 is a micro-photograph of sudarés induced by 
irradiation in an a-cut plate. Sudarés observed in 
a c-plate are given in Fig. 3. It must be noted 
that, before the irradiation they are very few and 
almost undetectable in these plates. Immediately 
after the irradiation, they are also very few and 
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Fig. 1 Changes in etch pits on a natural c-face 
of rochelle salt crystal by irradiation. The left 
two-thirds are damaged, but the right one-third 
is kept virgin. 


Fig. 2 Open-cored dislocations (sudaré) in a da- 
maged a-cut plate of rochelle salt. 


Fig. 3 Sudarés in a damaged c-cut plate of ro- 
chelle salt. 


can hardly be seen. These photographs were ob- 
tained a day after irradiation. Sudarés which are 
seen as fine lines in a-plates and as bright spots in 
c-plates are arranged in a plane perpendicular to 
the b-axis. 

It was confirmed that these sudarés arranged in 
a plane correspond to the hip roof etch pit. It 
seems that irradiations induce sudarés along the 
other crystallographic directions than before and 
give rise to changes in etch patterns on the a- and 
now in pro 


b-faces also. These observations are 


gress, and will be published in the future 
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Spin Echoes of Co*’ in fee Cobalt Metal 


By Kiyoshi SUGIBUCHI, Motohiro MATSUURA 
and Tsuneo HASHI 


Department of Physics, Kyoto University, Kyoto 
(Received June 26, 1961) 


The NMR of Co5 in ferromagnetic cobalt metal 
was first observed by Gossard and Portis.!,2) The 
subsequent works?.4.5) were carried out mostly by 
the steady-state method. The present note re- 
ports some of the experimental results obtained by 
the application of the pulse method. The apparatus 
was almost the same as that used previously for 
pulsed PQR experiments in bromine compounds,®? 
but some modifications were made in pulsed oscil- 
lator so as to measure the shorter relaxation times. 


E D 


Spin-echoes of Co? in fec cobalt metal. 


Fig. 1. 
A: first pulse E: second echo (stimulated echo) 
B: second pulse F: third echo 

C: first echo G: fourth echo 

D: third pulse H: fifth echo 

Sweep length is about 100 u sec. 
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The pulse width used was 2 » sec or less. The 
sample consisted of finely divided multidomain par- 
ticles. The experiments were carried out in the 
temperature range from 77°K to 300°K. 

The strong spin-echo signals were observed, as 
shown in Fig. 1. The observed values of spin-echo 
envelope decay time J; were almost independent of 
temperature and about 15 yp sec. 

The spin-lattice relaxation time 7, was measur- 
ed by the following procedure. The spin system 
was first saturated by a train of strong rf pulses 
and then the recovery of longitudinal component 
of magnetization from saturation was measured 
from the amplitude of the spin-echo signal produced 
by application of axpair of pulse at a later time. 
The observed values of 7, were 300+30 psec at 
77°K and 85+10n sec at 300°K, and were nearly 
inversely proportional to the temperature. Both 
the value and the temperature dependence are dif- 
ferent from those reported by Gossard and Portis.?? 
The origin of the disagreement is not clear but 
partly may be due to the difference in the measur- 
ing techniques. 

It was found that the time constant T,, of the 
stimulated echo decay curve was generally shorter 
than J, obtained by the above method and could 
be represented by the following formula: 


1/Tm=1/T1+ke? 


where 7c is the time interval between the first and 
the second pulse. The above formula has the same 
form as that derived by Hahn.?) This implies the 
existence of spin diffusion between spins at the 
different positions of the frequency spectrum, 
though Hahn’s analysis is not directly applicable 
to the present case. The obtained values of k are 
about 410!4 sec~? and almost independent of the 
temperature. The order of magnitude of k~1/3 is 
equal to that of T>. 

The authors would like to express their sincere 
thanks to Professor I. Takahashi for his continued 
interest and discussion. Thanks are also due to 
Dr. Y. Nakamura and Dr. T. Takada of the 
Department of Chemistry, Kyoto University, for 
their kind assistances in preparing the sample. 
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Group Velocity of Moving Striations 
in Hg-A Discharge 


By Hiroshi YOSHIMOTO and 
Yoshihiko YAMASHITA 


Department of Physics, Okayama University 
(Received June 3, 1961) 


Wojaczek") first measured the velocity of the 
wave packet obtained by his perturbation method in 
argon discharge, and he deduced that the velocity 
corresponds to the group velocity of moving stria- 
tions. His measurements, however, were concerned 
only with the current region in which the natural 
moving striations cannot appear. We have carried 
out the similar measurements in Hg-A discharge not 
only in the Wojaczek’s current region but also in 
the current region in which the natural moving 
striations can appear (abbreviated as the current 
region I and II respectively), and could catch the 
feedback figures of perturbations on the screen of 
cathode ray oscilloscope. The discharge tube and 
other apparatus used have been described else- 
where”). In this experiment, pentodes were in- 
serted in series with the discharge tube to modu- 
late the current by the pulses applied to their 
control grids. 

The perturbations of plasma are originated by 
the current pulses at the negative end of the posi- 
tive column, and propagate towards the anode in 
the form of wavepacket shown in Fig. 1, while the 
each wave in a wavepacket propagates towards the 
cathode and this wave corresponds to the moving 
striation. The traveling velocity of the wavepacket 
is nearly equal to that of moving striation. Some 
examples of these velocities are columned in Table 
I. These features can be expected from the dis- 
persion relation of moving striation obtained ex- 
perimentally by one of us*). Thus, it is concluded 


Fig. 1. Photographs of wavepacket at 5cm from 
the anode. Current: 160mA. Mag. Field: 80 
gauss, Tube Diameter: 25mm. 
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Table I. 


Velocity of 


Current Velocity of wave- ; apie 
| moving striation 


mA acket ‘ 

( ) | p (m/s) | (m/s) 
140 48 | 49 
150 47 50 
160 47 51 
170 49 54. 


Tube Diameter: 25mm. Room Temp: 16°C. 


that the moving striation is a backward wave. 
The occurrence of wavepacket by this pulse method 
indicates that the plasma of positive column has 
a resonance frequency for the moving striation. 
Moving towards the anode, the wavepacket incre- 
ases and decreases its amplitude in the current 
region II and I respectively. At the critical current 
the wavepacket travels without changing its am- 
plitude. These circumstances are shown in Fig. 2. 


mag. field 
wm & © e © applied 
R x (a) 120mA LX not applied 


gx Mux 
(b) 140mA 


(Arbitrary Scale) 


x 
(c) |6OmA 


35 30 25 20 15 10 5 cm 


Fig. 2. The amplitude of wavepacket versus the 
distance from the anode. The curves (a) and 
(b) correspond to the current region II, and the 
curve (c) to the current region I. 


In the curren region II, several sub-wavepackets 
are observed to follow the primary wavepacket as 
seen from Fig. 1 (a). The time intervals between 
the successive wavepacket are all the same in mag- 
nitude corresponding just to the transit-time in 
which the wavepacket travels from the negative 
end of the positive column to the anode. When a 
magnetic field is applied in front of the anode per- 
pendicularly to the tube axis, these sub-wavepackets 
disappear as seen from Fig. 1 (b). While the pro- 
pagation characteristics of wavepacket remains 
unchanged in the positive column excepting the 
domain of the magnetic field. For instance, this 
circumstance concerning the amplitude of wave- 
packet is given in Fig. 2. These results ascertain 
that the sub-wavepackets are the feedback figures 
of the primary wavepacket. This feedback occurs 
in such a way that the wavepacket, arriving at the 
anode," gives a disturbance to the current which 
induces a new perturbation of plasma at the 
negative end of positive column. The magnetic 
field makes the wavepacket damp away preventing 
its feedback. 
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The Colloidal Band in KCl Containing NaCl 
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When additively colored alkali halides are ex- 
posed to a heat and light treatment a transformation 
of the F-band to a narrow band at a longer wave- 
length is observed. This Phenomenon is attributed 
to the transformation of F-centers into colloidal 
particles of the reduced metal. Using the Mie 
theory, Doyle!) and Scott?) calculated the wave- 
length for maximum absorption in the colloidal 
band. According to Doyle’s calculation in the limit 
of very small particles, the position of the colloidal 
band in pure KCI is 8200A which is in agreement 
with the results of the observation"). 

The present report describes the effect of sodium 
ions on the colloidal band in KCl. KCl crystals 
were grown from melts to which NaCl was added. 
The crystals were colored additively in potassium 
metal vapor. The density of #F’-centers in each 
crystal was about 10!” percm*’. When the additively 
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Fig. 1. The colloidal bands in KCl crystals con- 
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colored crystals were heated and exposed to the 
light of a tungsten lamp, the F’-baed vanished and 
a narrow band of increasing height appeared at a 
wavelength well below 8200 A. Fig. 1 shows the 
absorption curves of the bands which grow by 
heating the additively colored KCl-NaCl mixed 
crystals at 200°C. For a larger doping amount of 
NaCl in KCl the absorption band grows at shorter 
wavelengths. In Fig. 2 the position of the absorp- 
tion bands is plotted as a function of the NaCl 
concentration in KCl. The concentration of NaCl 
was analyzed spectrographically. The concentration 
of NaCl in the most pure KCl was less than 10! 
per cm?., 
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Fig. 2. The position of the colloidal bands in 


KCI-NaCl mixed crystals as a function of the 
NaCl concentration. 


The position of the absorption band was hardly 
changed at the temperatures between 15°C and 
—196°C, but shifted to longer wavelengths with in- 
creasing temperature of annealing. Savostinova 
has pointed out that the position of the colloidal 
band shifts to longer wavelengths as the particle 
size increases. The absorption bands in KCl-NaCl 
mixed crystals appear, however, at shorter wave- 
length side of the colloidal band in pure KCl, so 
that the absorption bands can not be identified with 
the potassium colloidal bands. These absorption 
bands can not be attributed to a R’-band but to 
K-Na alloy colloids. Applying Doyle’s calculations 
to K-Na alloy colloids, we can estimate the ratio 
of Na to K in the K-—Na alloy colloids. Jt follows 
that for the colloidal particle having an absorption 
maximum at 5900 A, atomic ratio of Na to K is 60 
per cent and at 7100A, it is 10 per cent. Com- 
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paring the above results with the NaCl concentra- The author wishes to thank Assistant Professor 
tion of Fig. 2, it is clear that the ratio of Na to K. Fukuda for his helpful discussions and Professor 
K in K-Na alloy colloids is much larger than the Y. Uchida for his encouragement. 

ratio of NaCl to KCl of the mixed crystals. This 
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A Direct Determination of the Crystal Structure of 
Ethylenediammonium Sulphate 


By Kiichi SAKURAI 
J. Phys. Soc. Japan 16 (1961) 1205 


p. 1209, Table IV. The F,’s for the following reflections should be given negative signs. 
(400) (600) (130) (190) (220) (240) (260) (280) (2 100) (850) (370) (390) (4 10 0) 
(660) (680) (008) (00 12) (021) (025) (027) (028) (029) (0211) (0213) (02 15) (02 19) 
(02 20) (02 21) (041) (047) (0411) (04 13) (0417) (069) (06 13) (0617) (0617) (083) 
(084) (087) (089) (08 11) (08 15) (© 101) (©0105) (©0107) (0 10 9) 
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Threshold Energy (1) 


By Tsutomu TOHEI, Masumi SuGAWARA, Shigeki Mori 
and Motoharu KIMURA 
Department of Physics, Faculty of Science, Tohoku University, Sendai 
(Received March 3, 1961) 


The elastic scattering of photons near the particle threshold energy 
was studied for Aly Si, S; Ki'@a, NimiC@uyCdSnePbrand Bi ethe 
bremsstrahlung x-rays from a 25 Mev betatron were used. The pulse of 
the primary x-rays was expanded up to about 30sec to decrease the 
pile-up effect. The scattered photons were detected at the scattering angle 
of 120 degrees with the scintillation spectrometer using an 8/6 x8//Nal(T1) 
crystal and a 30 channel pulse height analyser gated by the expansion 
signal of the betatron orbit. The energy at which the cross section has 
a peak was compared with the particle threshold energy and the value 
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Nuclear Elastic Scattering of Photons near the Particle 


of cross section was compared with that of particle emission. 


Introduction 


Si, 

The elastic scattering of photons in the 
energy region of the giant resonance was 
studied by Fuller and Hayward”. They re- 
ported two maxima in the elastic scattering 
cross section, i.e. one around the particle 
threshold and the other around the energy 
where the giant resonance of the photon ab- 
sorption has maximum value. According to 
Bethe and Ashkin® it is illustrated qualita- 
tively that the peaks around the particle 
thresholds appear, since the particle emissions 
which do not take place below the threshold 
suppress the photon emissions. The available 
information® on the radiation widths of ex- 
cited levels at nearly several Mev above the 
ground state was also obtained from the 
neutron scattering and capture experiments. 
The studies*) using the monochromatic 7 Mev 
y-rays of the reaction F'%p, a, 7)O'* revealed 
that the observed widths and spacings are 
approximately in agreement with the modified 
single particle calculation by Weisskopf and 
Blatt®. : 

Recently Fujii has shown theoretically that 
the nucleus of the core plus one nucleon can 
be excited owing to the absorption of y-ray 
by the last nucleon. According to his theory 
this excited state should be observed in 
several Mev above the ground state. 

The bremsstrahlung x-rays from the 25 Mev 
Tohoku betatron have been used to study 
the elastic scattering cross sections near the 
particle threshold energies. According to the 


present experimental result, the energies of 
the peak of the cross sections near the particle 
threshold are in agreement with the threshold 
energies of (7, p) or (7, m) in most elements, 
as were predicted qualitiatively by Bethe and 
Ashkin”. 


§2. Experimental Procedure 


The procedure of the present experiment is 
essentially the same as Fuller and Hayward’s”. 
The experimental arrangement is shown in 
Bigtele 
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Fig. 1. Experimental arrangement. 


The primary x-rays were collimated to 1} 
inches in diameter at the target by lead and 
iron collimators. The photon detector was an 
8’’6x 8’ Nal(Tl) crystal with three Du Mont 
6363 photomultiplier tubes and was located in 
a lead container which has 6 inches thick 
walls at both the betatron room and the colli- 
mator sides and has 4 inches thick walls in 
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other sides. The container was surrounded 
with borax and paraffin. 

The measurements were performed setting 
the detector at the two positions. In the first 
case the detector was placed at the scattering 
angle of 120 degrees and the spectra of pho- 
tons scattered from the target in each beta- 
tron energy were measured. In the second 
case the spectra of bremsstrahlung itself at 
0 degree without the target were measured. 
The tapered lead slit, 4 inches in diameter, 
was placed in front of the crystal and was 
filled with 14 inches thick paraffin in order to 
remove electrons and low energy photons 
emitted from the target. On the other hand, 
a 2 inches diameter, 10 inches long lead slit was 
used as a collimator in the direct beam. In 
front of this collimator 12 inches long alumi- 
num and 4 inches long lead absorbers were 
placed to reduce the intensity of x-rays from the 
betatron so that pile-up might be negligible. 
The x-rays were monitored by a thin wall 
ionization chamber connected to a vibrating 
reed electrometer. The block diagram of 
electronic devices is shown in Fig. 2. 


Fig. 2. Block diagram of electronic devices. 


The pulses from the detector were amplified 
by a fast biased amplifier followed by a pulse 
lengthener and the lengthened pulses were 
analysed by a 30 channel pulse height ana- 
lyser. The analyser was operated for the 
time interval of 40sec in each operation 
cycle by a gating circuit so that only those 
pulses occurring in that interval around the 
primary x-ray pulses were counted. With 
this gating action the cosmic j7-ray back- 
ground was reduced to the order of 0.3 counts 
per hour per one channel at the 7 Mev region. 
In order to estimate the contribution to the 
counts of the background 7-rays induced by 
neutrons in the primary x-ray beam, the test 
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experiment was performed with a Ra-Be 
neutron source. Judging from the results of 
this experiment, this background was negli- 
gible. The pile-up effect was carefully de- 
creased to the negligible magnitude by expand- 
ing the width of the primary x-rays to about 
30 Sec. 

In Table I the target thickness is listed. 
The potassium sample was in the form of 
K.CO; and the other samples were in metallic 
form. 


Table I. The target thickness. 

target thickness (g/cm?) 
Al 8.16 
Si 2.20 
S 10.16 
Kr 3.48 
Ca Pi 3 
Ni 11.05 
Cu 11.0 
Cd 9.28 
Sn 9.10 
Pb 14.4 
Bi 14.8 
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ie) 5 10 15 
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Fig. 3. The response curve of the 8/6 x8’ Nal(T1) 
for the 6.14Mev ;-rays from the reaction of 
F1%(p, a, 7)O18. The solid line is the result ob- 
tained with the same geometry as the case of 
scattering experiment, when the ;-rays were 
collimated to 4 inches in diameter in front of 
crystal. The dashed line is the results obtained 
with the tapered lead slit of 1/’ diameter. 


The measurements were made at the beta- 
tron energies from 5Mev to 12 or 16 Mev 
with the interval of 1 Mev. In each betatron 
energy the bias of the fast biased amplifier 
was adjusted so that the pulses corresponding 
to the highest energy portion of bremsstrah- 
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lung were recorded in the given part of 
channels of the 30 channel pulse height ana- 
lyser. The counts in the top ten channels 


of the spectra which correspond to photons 
in energy interval of 1 Mev from the top of 
the bremsstrahlung were summed up. C, 
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4.0 
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Fig. 4. The response curve of the 8/’6 x8” Nal(T1) 20 
for 17.6Mevy ;-rays from the reaction of Li’ 
(p,7)Be’. The dotted line is the measured 
spectrum. The solid line for the 17.6 Mev ;7- 


rays was evaluated from the dotted line by PR CAITS BOO 1GIZONG LEIS O MGR, 
extracting the contribution of the 14.8 Mev Fig. 5. The elastic scattering cross section of 
y-rays. The intensity ratios Ij7¢/l4.3 was as- photons by Si. The arrows of (7, p) or (7,7) 
summed to be 1.75). These were measured with indicate the positions of the particle threshold 
the same geometry as in the case of the scatter- energies of Si28. []: data from the experiment 
ing experiment. of the monochromatic ;-rays*). 
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a4°56""%8 “loqi2 14 16 Mev 4 6 8 10 |2 14 16 Mev 
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' 

Fig. 6. The elastic scattering cross section of photons. t-C)-4: data from Fuller and Hayward!). 
pale, 


(]: data from the experiment used monochromatic 7-rays*?. 
(a): «(7, 7) by S. The arrows indicate the positions of the particle threshold energies of S32, 
(b): o(7, 7) by Al. The arrows indicate the positions of the particle threshold energies of Al?’. 
(c): o(7, 7) by K. The arrows indicate the positions of the particle threshold energies of K39, 
.(d): o(7, 7) by Ca. The arrows indicate the positions of the particle threshold energies of Ca?*?. 
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and Cq are the counts at the given scattering 
angle and the ones in the direct beam posi- 
tion, respectively. They were corrected for 
the electronic absorption using White’s table”. 

The elastic cross sections are calculated 
from the ratios of Cs to Ca for each betatron 
energy. This method is appropriate, since 
the monitor response was not needed for the 
calculation of the cross sections. We do not 
give the detailed explanation of it, because 
Fuller and Hayward discussed it thoroughly 
rial RXStEge ale 

The response function of the Nal(T1) crystal 
with the present geometry was measured 
with the 6.14Mev and 17.6 Mev ;-rays ob- 
tained from the reactions F'°(p, a, 7)O' and 
Li*(p, y)Be®. In Figs. 3 and 4 the response 
curves for y7-rays of these reactions are shown. 

In the calculation of the cross sections we 
assumed that the angular distributions of the 
scattered y-rays are isotropic and that the 
angle subtended by the collimator at the target 
can be calculated numerically from the 
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Fig. 8. The elastic scattering cross sections of photons. 
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Fig. 7. The elastic scattering cross sections of 
‘i oe 
photons. -t-©-4: data from Fuller and Hay- 


ward!). []: data from the experiment using the 
monochromatic ;-rays*). 

(a): o(7, 7) by Ni. The arrows indicate the- 
positions of the (7, p) and (7, ”) threshold. 
energies of Ni5§ and Ni®. 

(b): o(7, 7) by Cu. The arrows indicate the 
positions of (7,p) and (7,n) threshold 
energies of Cu® and Cués, 
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(a): o(y, 7) by Cd. The arrows indicate the positions of (y,p) and (7,) threshold energies of 


many isotopes. 


(b): o(7, 7) by Sn. The arrows indicate the positions of 


Snt16, Sn118 and Snt20, 


(7, p) and (7, n) threshold energies of: 


Numbers 1, 2 and 3 correspond to Snil6, Sn148 and Sn120, 
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$3. Results 


Experimental results are plotted in Figs. 5 
-9. Here the vertical lines are the statistical 
errors and the energy spread indicated is 
the width due to the channels which are 
Summed up as was stated before. 

The shapes of the energy dependence of 
the cross sections are not inconsistent with 
those of Fuller and Hayward", but our ab- 
solute values of the cross sections are different 
in most elements. This discrepancy is not 
so serious, considering the difficulty of the 
experiments of this kind. 

In comparison with the particle threshold 
energies, the peak positions of o(7,7) are in 
good agreement with the (7,) threshold 
energies for light nuclei such as Al, S, K, Ca 
and Ni, and with the (7, ”) threshold energies 
for heavy nuclei such as Pb. In the case of 
Cd and Sn, the peaks are slightly below the 
particle threshold. 

In the case of Bi, however, the peak posi- 
tion is above the threshold. This fact is 
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Fig. 9. The elastic scattering cross sections of photons. 
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interesting, because the peak above the 
threshold can not appear by the process such 
as mentioned by Bethe and Ashkin. There- 
fore the peak of the cross section in Bi seems 
to occur by the process of the single particle 
excitation predicted by Fujii®, since Bi? is 
composed of a double magic core and one 
outer nucleon. 

The case of Si is different from the others. 
Three somewhat sharp resonances were ob- 
served at 12.0Mev, 10.4Mev and 6.0 Mev, 
while the sharp resonance peaks were found 
at 11.4Mev and 10.4Mev by the other ex- 
periments” 1%, 

This fact suggests that the peaks below 
the particle thresholds in photon elastic scat- 
tering consist of the assembly of the sharp 
resonances, especially, in lght elements. 
But it is not clear whether the resonance in 
other elements decomposes into many levels 
or not, if we restrict ourselves only to these 
results. 

The energy dependence of the cross sections 
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(a): o(7,7) by Pb. The arrows indicate the positions of (7, p) and (7,) threshold energies of 


isotopes. 
(b): o(7, 7) by Bi. 


Numbers 1, 2 and 3 correspond to Pb2%6, Pb?0? and Pb?%. 
The arrows indicate the positions of (7, p) and (7, ) threshold energies of Bi*°® 
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near the particle threshold is generally in 
agreement with the idea of the competition 
with the particle emission, if we disregard 
the elements such as Si, the exceptional ele- 
ment in the present experiment. 

In Table II, the summary of these cross 
sections is shown. The first column shows 
the energies at which the cross sections have 
maxima. The second and the third columns 
show (7, p) and (7, m) threshold energies quoted 
from the nuclear data"), respectively. The 
fourth column contains ratios of the peak 
values of the cross sections to that of Pb. 
In fifth and sixth columns of Table II, (7,7) 
and (7, pf) cross sections normalized to (7, 2) 
cross section of Pb are listed. 

For the determination of o(y, p)/or,(7, n) we 
assumed the following approximate equations; 

vee lpghe 


OP,l(7, n) Jor, ndE 
and 


Ch je ke tes 


OPT, nN) * Jor n)dE , 


The values of jor, D)dE were calculated 


from the data summarized by Weinstock and 
Halpern’. As these data were given in the 
unit of protons per mole per roentgen, the 
integrated cross sections in the unit of Mev- 
mb were approximately calculated by assuming 
that the value of Cu in unit of Mev-mb is 


given by 
jon, D)dE = \roeadE — lor, ndE ‘ 


We assumed |rwoadd =0.06- a +0.8x) and 


x=0.4, which was determined semi-empirically 
by 


|code ~|otr, nd E 


for Pb. The values of lor, n)dE were quoted. 


from Ref. 13. 

As mentioned above, the peak positions of 
the cross sections in most elements are in. 
agreement with the threshold energies of 
(7,p) or (7,”). This fact will support, as. 
mentioned by Bethe and Ashkin, that the 
peaks around the particle thresholds in most 
of elements appear by the competition with 
the particle emission. From this point of 
view the cross section should be approximately 
proportional to that of (7, p) or (7,7), since 
the (7,7) cross section is only the lower part 
of the giant resonance. This proportionality 
seems to be roughly satisfied when we com- 
pare the fifth column with the last two 
columns excepting the case of Si. 
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Some New Activities Produced by Fast Neutron Bombardments 
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Several new nuclides were produced in the internal target of the INS 
cyclotron from the fast neutron bombardments of Ge, Mo, Gd, Er, Yb 


and Hf. 


beta and gamma ray scintillation spectrometers. 


observed are as follows: 


Their radiation characteristics were determined with the aid of 


The new activities 


x 


Nuclides Half-lives Beta rays Gamma rays 

Gaté 3243 sec ~6.0 MeV 0.57, 0.96, 1.12 MeV 
Nb’ 51-45 min 3-540-% MeV 0.78 MeV many others 
Nbt00 11.541.0min 4:240-1 MeV 953 MeV many others 
Eut60 ~2.5 min 3.6+0.5 MeV none 

Hot68 ~3.5 min ~2.2 MeV 0.85 MeV 

Hol 45+5 sec ~3.1 MeV 0.43 MeV 

Tm! ~5.0 min 2.5+0.1 MeV none 

Tm!76 1.5+0.3 min 4.2+0.1 MeV none 

Lut80 2.5+0.5 min 3.3+0.1 MeV none 


The radiation characteristics were analysed in the light of the unified 
model and the conventional nuclear level systematics. 


Introduction 


$l: 

The study of short half-lived activities with 
rather high decay energy often yields useful 
information on nuclear properties. It is be- 
cause of following reasons: 1) Because of its 
high decay energy, many excited states in the 
daughter nuclides are looked at. 2) It can 
add more to the nuclear systematics. We 
have been following this line of study by 
using the (7, p) reaction and scintillation spec- 
troscopy. We have found many new activities 
and thus many new nuclear states”. The 
paper which describes results of a part of 
such investigation carried on the rare earth 
region” will be published later.?) 

In this paper, we describe results of the 
study of neutron excess short-lived activities 
produced by the (mn, p) reactions. The fast 
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neutron bombardments and the activity meas- 
urements were carried out at the Institute for 
Nuclear Study of University of Tokyo as 
one of the co-operation project of the Institute. 
The technique of measuring the activities and 
the method of analysis are very much similar 
to those of previous works. 


§2. Experimental Procedures 


The fast neutron beam was obtained by 
bombarding an internal graphite target with 
20-MeV deuterons of the 160cm_ variable 
energy cyclotron at the Institute for Nuclear 
Study of University of Tokyo. Samples to 
be activated by the fast neutrons were 
placed just behind the graphite target in the 
internal neutron target assembly in order to 
make the activation as effective as possible. 
A very schematic drawing is shown in Fig. 1. 
The intensity of the fast neutron beam was 
approximately 10° z/cm?-sec at the bombarding 
position as estimated from the yield of the 
9.5-min Mg?’ produced by the Al?"(n, p) reac- 
tion. Considerable amount of thermal neutron 
flux was also present which made the meas- 
urements complicated in some cases. After 
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the bombardments the samples were pulled 
out from the bombarding position by a string. 
Usually it took only about half a minute before 
Starting the counting after the bombardment 
in most of the cases. Because of rather short 
half-lives of the activities produced, no chemi- 


3 2 


Fig. 1. Schematic picture of internal 
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cal treatment was performed except for the 
case of molybdenum. 

The energy and half-life measurements of 
beta and gamma rays were performed with 
scintillation spectrometers with a 60 channel 
pulse height analyser of a differential dis- 


6 Relative Intensity 
of Fast Neutrons 


4 
‘ 
2 
Hi 0 
Internal 
d- beam 


Cooling water inlet Cooling water cutlet 


target system and distribution of fast neutron flux along 


the radial direction as measured by the Al2?(n, p) Mg?’ reaction. 


criminator type. For the measurement of 
half-lives, single channel analysers were also 
employed. 

The gamma rays were detected by Nal(T1) 
crystals either 7.6cm¢x7.6cm or 3.8cm¢ x 3.8 
cm. Energy calibrations were made by the 
well known peaks of the gamma rays from 
In‘, Aut, Cs'87, Zn® and Na®? and the sum 
peak at 1.788 MeV of Na”. Analysis of spectra 
was made with the comparison of the spectral 
shapes of gamma rays from these sources, 
obtained with the same geometry. 

In the present work, since most of activities 
produced by the (mw, p) reactions have rather 
high beta-decay energy, a large plastic scintil- 
lator of 5.1cm¢x5.1cm was employed for the 
beta ray measurement in spite of its poorer 
resolution and its high sensitivities of gamma 
rays. Consequently many of the Kurie plots 
showed considerable non-linearity at the lower 
energy side of the curve (cf. Fig. 2). We 


———7 ENERGY (MeV) 


Fig. 2. Kurie plot of the beta ray spectrum of 
P22 obtained with the beta ray scintillation 
spectrometer. 
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could, thus, determine end-point energies for 
only one or two main branchings of the beta 
rays. For energy calibration, the beta rays 
from P%, In‘, Cu% and Ag!!? were used. 
Fig. 3 shows a standard calibration curve for 
the beta ray scintillation spectrometer. 


on a 


————— ENERGY (MeV) 
© 


7 PULSE HEIGHT ( volt) 


Fig. 3. Typical calibration curve for the beta 
ray scintillation spectrometer. 


§3. Results and Discussions 


Nine nuclides, Ga7®, Nb*®, Nb!°°, Eu'®®, Ho!®8, 
Ho!?°, Tm, Tm and Lu!8* were studied 
from the (n, p) reactions of natural germani- 
um, molybdenum, gadolynium, erbium ytter- 
bium and hafnium. Some additional informa- 
tion about the decay characteristics were also 
obtained for, Tm!7*, Lu!”® and Lu!7®, But in 
the present paper, no description was made 
for Tm!7, Lu!7® and Lu!’® because these are 
reported in the following paper rather in detail 
together with other newly found activities 
from the (7, p) reactions”). Since Dy'* has 
very large thermal neutron capture cross 
section, bombardment of dysprosium was 
seriously disturbed by slow neutrons. Accord- 
ingly, no conclusive new information was 
obtained in the case of dysprosium. 

1) Gai 

Fig. 4 shows a decay curve of higher energy 
beta-ray components from Ga activities ob- 
tained from the neutron bombardment of 

{ germanium. An extremely pure metallic ger- 
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manium sample was bombarded for about 
two minutes. Besides the well known high 
energy component from Ga™(Ti2=8 min), a 
very short-lived activity of high energy is 
seen. The half-life was about 32 sec. 

The end-point energy of the activity was 
determined to be about 6.0MeV from the 
analysis of the Kurie plot (Fig. 5). The value 
is quite comparable to the decay energy of Ga’® 
to be produced by the (n, p) reaction on Ge” 
(abundance=7.67%). Since no other product 
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Fig. 4. Decay curve of the beta rays higher than 
3.2 MeV from the metallic germanium sample 
bombarded with neutrons, 
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Fig. 5. Kurie plot of the beta rays from a neutron 
bombarded germanium sample. 
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of fast neutron reaction on Ge can give such 
a high energy electron radiation and the cross 
section to produce the activity is equal in 
order of magnitude to that of Ge’(n, p)Ga™ 
reaction, the activity is safely assigned to 
Ga’*. The spin-parity value of 3,Ga‘$ being 
most likely 2—, or any way not very high, the 
occurrance of the 6.0-MeV beta ray end-point 
is reasonable by a comparison with the ex- 
pected value of the decay energy from the 
beta decay energy systematics (Es~7.5 MeV). 

A short half-life of about 1 min or less was 
also observed in the decay superposed on the 
0.58-MeV gamma ray from the 8-min Ga’. 
Since Ge’ has the first excited state observed 
by the Coulomb excitation at 0.57 MeV®), the 
short-lived component is assumed to belong 
to the Ga’® activity. This further supports 
the assignment of this short-lived activity to 
(sare 

In addition to the 0.57-MeV gamma ray, a 
few gamma rays of, 1.12 MeV and 0.96 MeV 
and some others were observed having a 
similar short half-life of one minute or less. 
Although the assignment to Ga™® was not 
completely certain because of the presence of 
strong disturbing gamma rays of nearly same 
energies in Ga. The gamma ray of 1.12 MeV, 
however, is considered to correspond to the 
gamma ray decaying from the second 2+ level 
of Ga™® to the ground state which has recently 
been observed by the Coulomb excitation*’. 


2) 4Nb®sand,Nb‘° 

About 10 minutes’ bombardment was per- 
formed on molybdenum sample. In this case, 
the half-lives of the activities Nb®* and Nb’ 
had been found to be about 10 min or larger 
in the preliminary experiments. This made 
it possible to make chemical treatments sepa- 
rating the niobium activities produced by the 
(n, p) reactions from such disturbing molybde- 
num activities as Mo*!, Mom and Mo!” which 
were produced by the reactions of Mo(m, 2) 
and Mo(n, 7). 

The procedures for chemical separation were 
as follows: after the bombardment of a powder 
sample of ammonium molybdate, the sample 
was dissolved into a hot water. In order to 
make solution acidic, small amount of dilute 
HCI solution was added. Here, the several 
millilitre of FeCl; solution was added. Fe*+* 
ion was used asa carrier of Nb ions. Then, 
the whole solution was gradually made basic 
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with the addition of ammonia water just 
enough for making the precipitates of Fe(OH)s. 


(Q.). 13min after the irtadation 
062 (b): Bmin after the irradiation 


(66) (C)' 45min after the irradiation 
(d) 100m after the irradiation 
@) 078 
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Fig. 6. Typical gamma ray spectra and the varia- 
tions with time from the chemically separated 


niobium activities. Here the long-lived and 
background activities are already subtracted. 
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Fig. 7. Decay curve of the 0.78 MeV gamma ray 
from the niobium activities. 
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The precipitates with the co-precipitates of Nb 
activities were centrifuged and washed with 
dilute ammonium molybdate solution. After 
the filtration, the precipitates on the filter 
paper were dried up. It took about 8 or 9 min 
to carry out the whole chemical procedures. 
Fig. 6 shows the gamma ray spectra and 
their decays obtained for the chemically sepa- 
rated Nb activities. We followed the decays 
of the gamma ray peaks and observed the 
two new activities having the half-lives of 
about 51 min and 1l min. Fig. 7 and Fig. 8 
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Fig. 8. Decay curve of the 0.53 MeV gamma ray 
from the niobium activities. 


show decay curves obtained for the peaks at 
0.78 MeV and 0.53 MeV. The former decays 
with the half-life of 51 minute and the latter 
decays with the half-life of 11 minutes. Quite 
the same results were obtained from the meas- 
urements with a single channel analyser. A 
summary of the results of the gamma ray 
measurements is given in Table I. 

From the results of the Coulomb excitation 
experiments, the first excited states of Mo% 
and Mo!” are found at 0.78 MeV and 0.53 MeV, 
respectively®. Therefore the 50-min and the 
11-min lives are tentatively assigned to the 
isotopes Nb*® and Nb?°, respectively. 

Similar decay characters were observed in 
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Table I. Gamma rays from Nb and Nb?2. 


Nb% Nb100 
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(MeV) Intensity (MeV) Intensity 
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Fig. 9. Kurie plots of the beta rays from the 
chemically separated niobium activities about 
10 min after the irradiation. 


the decays of the beta ray spectra. The 
Kurie plot analysis of the beta rays was per- 
formed for each spectrum obtained at various 
times after the termination of bombardment. 
Fig. 9 shows the Kurie plot for the beta 
spectrum measured at about 10 minutes after 
the bombardment, and Fig. 10 shows the 
spectrum obtained at about 120 minutes after 
the bombardment when the short component 
had almost completely decayed. From the 
analysis of these curves, end-point energies 
of the beta rays from two activities were 
determined and several branchings were also 
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suspected to be present with the reference to 
the results of of a gamma ray measurement. 
The results are given in Table II. Values of 
the maximum energies of the beta rays from 
Nb** and Nb!” are in good agreement with 
the expected values, about 4.2 MeV for Nb*® 
and approximately 4.9 MeV for Nb'!”, esti- 
mated by the conventional beta decay energy 
systematics. This further supports the above 
assignments of the activities to Nb®* and Nb!, 


2.6 MeV 


20 


3.5 +0.1 MeV 


lo 20 30 40 
—— ENERGY (MeV) 


Fig. 10. Kurie plots of the beta rays from the 


chemically separated niobium activities about 
120 min after the bombardment. 


Table II. Summary of the beta rays from 
Nb®* and Nb?!2, 
> a “Nbes- iil | Nb100 
Energy | Relative | Energy | Relative 
(MeV) _Intensity | (MeV) Intensity 
i 
3.540.1 | intense | 4.2401 |  <10'%) 
2.6 | most intense 3.540.1 -~45 
mot eee ~45 
~1.8 | 


| ~2.1 | os 
| | a 


Recently, Stelson and McGowan have re- 
ported the de-excitation gamma ray of 1.050 
MeV from the second 2+ state of Mo’ as 
observed in their Coulomb excitation experi- 
ment of Mo!°.») The above-observed gamma 
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ray of 1.04 MeV from Nb! as shown in 
Table I, seems to correspond to this de- 
excitation gamma ray. 

3) Eute 

Among the activities produced from gado- 
lynium bombarded with neutrons, only Eu'®” 
is expected to have rather high energy beta 
ray. A decay of the beta rays higher than 
2.0 MeV was followed with a single channel 
analyser. The bias energy of 2.0 MeV was. 
so chosen that most of the activities produced 
from the (nv, 7), the (m, 2m) and the (mz, a) re- 
actions of gadolynium were excluded. A 
result of the measurement is shown in Fig. 
11. After the subtraction of the 60-min com- 
ponent from Eu" *, an activity of about 2.5 
min was observed. 

The end-point energy of this short-lived 
beta ray was determined to be about 3.6 MeV 
from the Kurie plot analysis. (Fig. 12) The 
value of the end-point is quite similar to that. 
expected from the beta decay energy system- 
actics for Eu'® (3.5 MeV). The yield of the 
3.6-MeV component of about 2.5 min was of 
same order of magnitude expected for Eu'®, 


RATE 


VERY SHORT COMPONENT 
(N"*) 


COUNTING 


— ly = 25 min 


160 
Eu 


MINUTES 

Fig. 11. Typical decay curve of electron radia- 
tions higher than 2.0 MeV from a neutron bom- 
barded gadolynium oxide sample. 
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in comparison with that of the 2.7-MeV beta 
ray from the 60-min. Eu’**. Therefore,.one 
may consider the 2.5-min activity can be 
assigned to Eu'!®. 

Gamma ray measurements showed no ap- 
preciable gamma ray with the 2.5-min life 
at an energy region higher than 100 keV. 
Because of the presence of strong gamma rays 
of about 4 min from Gd! which was produced 
from the neutron capture, a weak gamma ray 
may have been missed. We can, however, 
‘conclude that most of the beta rays from Eu!*° 
decay to the ground state of Gd'® or the 
neighbouring state. The net log ft value for 
the beta transition to lower states in Gd‘ 
is, then, approximately 6.2. From the analy- 
sis of the Nilsson diagram®.” and the coupling 
scheme®) of the deformed intrinsic states for 
odd-odd nuclei, the ground state of Eu'® is 
expected to have 1—. Accordingly a beta 
transition of the first forbidden type is ex- 
pected. The log ft value obtained above, 
therefore, is plausible from this point of view. 
The value can be considered to give a further 
support for the assignment of the newly found 
activity of 2.5 min to Eu'®, 


3.6 +05MeV 


0 20 30 40 
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Fig. 12. Kurie plot of the beta rays from a neu- 
tron bombarded gadolynium oxide. 


A) Ho'® and Hot? 

About 2-min bombardment was performed 
for a natural sample of erbium oxide. Ac- 
tivities of Ho'®* and Ho!”° were produced from 
the (m, p) reactions on Er'** and Er!, Half- 
lives of the beta rays from a bombarded 
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sample were measured with a single channel 
beta ray spectrometer. Fig. 13 shows a typical 
decay curve of the beta rays higher than 1.8 
MeV. Since very small amount of chlorine 
was present in the sample of erbium, weak 
high energy beta rays from Cl*4 and S*7 which 
were produced from the Cl?(m,2n) and the 
Cl?(n, p) reactions were observed. After the 
subtraction of the 32—min activity of Cl**, two 
new activities of 3.5 min and of 45 sec were 
found. The half-life of the 3.5-min activity, 
however, has some ambiguities because of the 
presence of a weak beta ray from the 5.0-—min 
S*?, From the Kurie plot analysis of the beta 
rays from the bombarded sample of erbium 
oxide, these two short-lived beta rays were 
proved to have end-points of 2.2 MeV and of 
3.1 MeV, respectively. These results are given 
in Fig. 14. 
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Fig. 13. Decay curves of the electron radiations 
higher in energy than 1.8 MeV from a neutron 
irradiated erbium oxide. Fig. (a) shows the 
early part of the curve and Fig. (b) gives the 
later part. 


Among many activities produced from natu- 
ral erbium by the neutron-induced reactions, 
conceivable nuclides which would have such 
short lives and high beta decay energies are 
only Ho'®* and Ho!”, or Dy'® and Dy'®’ pro- 
duced by the (m, a) reactions on Er'®* and Er'7°. 
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However, in the gamma ray measurement well 
known gamma rays from Dy**® which would 
be produced from the Er‘®*(m, a) reaction, were 
not observed clearly. Thus one may probably 
assign these two activities, the 2.2-MeV beta 
activity of 3.5 min to Ho! and the 3.1-MeV 
of 45 sec to Ho!”®, from the analyses of the 
conventional energy systematics (2.8 MeV for 
Ho! and 3.7 MeV for Ho!”°) and of the experi- 
mental yield ratios. The above assignments 
concerning Ho*** and Ho!” agree well with 
the results of the recent work reported by 
Willie and Fink®. 


2.2 MeV 


30 40 
ENERGY (MeV) 


ee 


Fig. 14. Kurie plots of the short-lived beta rays 
from a neutron bombarded erbium oxide sample. 


Some weak gamma rays were observed in 
the gamma ray measurement having half-lives 
of about 4 min and of 1 min or less. A peak 
near 0.85 MeV had the 4-min half-life and 
one at about 0.43 MeV was found to be of 
the 1-min life. This suggests us that some 
weak lower energy branchings of the beta 
rays may be included in the decay of both 
Ho'** and Ho!7*. Because of a very low in- 
tensity of the 0.43-MeV gamma ray, however, 
most of the beta rays from Ho!” are consider- 
ed to go to the ground state and its vicinity 
of Er'”, A rough estimation gives the log ft 
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value of approximately 6. Since the ground 
state of Ho!”’ is expected to have 1+ from 
the coupling rule for deformed intrinsic states, 
an allowed transition is expected. Therefore, 
this log ft value is considered to be a reason- 
able value. 


5) Tm!” and Tm!6 

An oxide powder of natural ytterbium was 
bombarded for two minutes. Tm!" which 
may be produced from the Yb!7*(7, p) reaction, 
was expected to have a beta ray of approxi- 
mately 4.0 MeV. So, a half-life measurement 
was performed for beta ray component higher 
than 3.3 MeV, at which energy any other 
product activities produced by neutron-induced 
reactions were excluded. A previously un- 
known activity of 1.5 min was observed. 
Similar value of half-life was found in a beta 
spectrum measurement. Accordingly one may 
tentatively assign this new isotope to Tm!”6. 
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Fig. 15. Decay curve of the high energy electron 
radiations (Hg>3.3 MeV) from a neutron ir- 
radiated ytterbium oxide. 


Fig. 15 shows one of the decay curves ob- 
tained. In Fig. 15, the 32-min component 
was considered to come from Cl*4 as observed 
in the case of Ho activities. 

A result of the Kurie plot analysis is given 
in Fig. 16. The value of the end-point was 
somewhat larger than that estimated from the 
beta decay energy systematics. Therefore, 
this new activity may be rather ascribed to 
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anisomer of Im?’*. 
using Nilsson diagram and the coupling .rule 
for the levels of odd-odd nuclei seems to sup- 
port this assignment). 

A lower energy beta ray component shown 


(The level systematics 
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Fig. 16. Kurie plots of the short-lived beta rays 
from a neutron irradiated ytterbium oxide. 
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Fig. 17. Decay curve of the electron radiations 
whose energies are ranging from 1.7 MeV to 
2.4 MeV, from a neutron bombarded ytterbium 


oxide. 


in Fig. 16 was found to decay with the half- 
life of about 5.0 min. Fig. 17 shows a decay 
curve of the lower energy component whose 
energies are ranging from 1.7 MeV to 2.4 MeV. 
The 1.5-min activity is due to the beta ray 
from Tm", Therefore, one may expect the 
5.0-min activity to be attributed to the pre- 
viously unknown nuclide Tm!*. The same 
assignment has been proposed by Willie and 
Fink in their recent paper®. The end-point 
energy of 2.5 MeV is very close to the value 
estimated from the systematics for Tm!. 

No appreciable gamma ray decaying with a 
half-life of 1.5 min was observed in a gamma 
ray measurement, although some lower energy 
gamma rays than 0.15 MeV may be missed. 
From this fact, main component of the beta 
rays from the 1.5-min activity is considered 
to the ground state. If this activity is actually 
due to Tm!76™, it probably has zero spin and 
negative parity from the level systematics in 
this region, a first forbidden transition can be 
expected. Because of scarcity of the data, 
however, the assignment must be considered 
to be very tentative. 

Though some weak gamma rays were found 
to decay witha half-life of about 5.0 min, no 
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Fig. 18. Decay curve of the beta rays higher in 
energy than 3.0 MeV from a neutron irradiated 
metallic hafnium. 
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decisive information was obtained. 

In addition, information about Tm!” and 
Tm*‘** obtained in the present work are in the 
good agreement with those observed in the 
experiment performed with activities produced 
from the (7, p) reactions”. 

6) Lutse 

A pure metallic hafnium was bombarded 
for two minutes. Since the beta dacay energy 
of Lu'®* was estimated to be about 3.4 MeV 
from the beta ray energy systematics and the 
value of end-point for Lu!’® has been known 
to be 2.2 MeV from the result of our previous 
experiment by the photoreactions of Hf, a 
decay of the beta rays higher than 3.0 MeV, 
in this case, was followed witha single channel 
beta ray spectrometer. A result of the meas- 
urement is shown in Fig. 18. Usually there 
are considerable amount of order of a percent 
of zirconium impurity even in a fairly pure 
sample of hafnium. In the present case the 
amount of zirconium impurity has. been ana- 
lysed to be 0.90 percent. So, the contributions 
from yttrium activities produced from the (u, 
p) reactions of zirconium impurity can be 
roughly estimated. In Fig. 18, the contribu- 
tions of the high energy beta rays from Y* 
and Y% were subtracted in this way, after 
the long time measurement. As a result, an 
unknown activity of the 2.5-min life was} 
found. 
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Fig. 19. Kurie plot of the 2.5-min beta ray from 
a neutron bombarded hafnium sample. 
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The end-point energy of this short-lived 
activity was determined to be 3.3--0.1 MeV 
from the Kurie plot analysis of the beta rays. 
Fig. 19 shows the result of the Kurie plot 
analysis after the subtraction of the 5.0-MeV 
beta ray from Y°(71,2=17 min). The value 
of the energy indicated by a dashed arrow is 
considered to correspond to the end-point of 
Lu'’® and agrees well with the value obtained 
for Lu‘’’ produced from the Hf!"°(7, p) reaction. 
Among the activities produced from the (n, p), 
(n, a) and other neutron-induced reactions of 
Zr and Hf, there is not any possible nuclide 
except Lu'®® which has such a high energy 
beta ray and such a short life. Therefore, 
this unknown activity may be reasonably 
assigned to Lu!®°, 

In addition, informations concerning the 
decay characteristics of Lu!”® and Lu!7° ob- 
tained in the present work are found to be 
in good agreement with those from the (7, p) 
reaction experiment??. 

In gamma ray measurements, however, no 
conclusive information was obtained, because 
of the strong disturbing gamma rays from 
Hf!”™ and Hf!®™. There is, however, an 
evidence that several peaks in the gamma ray 
spectrum included short components, which 
probably correspond to the four minutes ac- 
tivity obtained by Aten, Jr. and Funke-Klopper 
after the chemical separation of luthesium 
isotope’. It seems that the activity we ob- 
tained and that found by Aten et al belongs 
to different isomers in analogy with the cases 
of Lu!’ and Lu!*. Then, the 2.5-min activity 
with a high energy beta component represents 
the low spin state and the 4.5-min component 
with several gamma rays, which are probably 
in the cascade, is very much likely to cor- 
respond to the decay of the higher spin state. 
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Weak Gamma Rays in the Decay of La’ 
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Weak gamma rays of energy 0.63 MeV was found in the decay of La?4 


by means of a scintillation summing Compton spectrometer. 


This gamma 


rays are ascribed to the transition between the 2.53-MeV and 1.90-MeV 


states of Ce140, 


The transition between this 1.90-MeV state and the 1.60- 


MeV state was not detected. The results of the present investigations 
on the conversion electrons and Gamma rays support the suggestion of 
DzZelepow et al that the 1.90-MeV state is a O* one. 


Introduction 


§1. 

Gamma rays in the decay of 40-hour La!° 
have been studied by a number of investi- 
gators”, and the level scheme of Ce!!? is 
fairly well established. In Fig. 1, a level 
scheme is duplicated from the Nuclear Data 
Sheets». Cork et al?) and Bashilov et al® 
observed that the spectrum of electrons had 
strong lines corresponding to a transition 
energy of 1.90MeV. Dzelepow ef al*) searched 
for gamma rays corresponding to the transi- 
tion by means of a Compton-recoil spectro- 
meter, and showed that, if such existed, the 
yield was less than 0.4x10-? quantum per 
disintegration. They also reconfirmed the 
electron lines, and thus concluded the ex- 


istence of a 0+ level of 1.902MeV which 
decayed to the ground state of Ce by a 
0+—0+ transition. 

In the present paper, a search for gamma 
rays leading to or leaving this 1.902 MeV level 
was performed, data of which would form 
another support for the existence of this level. 


§2. Experimental 


A sample of spectroscopically-pure lantha- 
num oxide obtained from Johnson, Mathey 
& Co., Ltd. was irradiated in a Water-Boiler 
type reactor at JAERI. The gamma rays 
from this sample were analyzed by means of 
a Nal(Tl) summing Compton spectrometer®). 
The gamma rays from the source fall on a 
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linchxlinch cylindrical crystal after being 
throughly collimated by a lead block with a 
‘hole 1.2cm in diameter and 20cm in length. 
Another crystal, 3inches in diameter and 3 
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‘Fig. 1. Level scheme of Ce'#? duplicated from the 


Nuclear Data Sheets. 
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'Fig. 2. Spectra of Ce? gamma rays obtained with 
a scintillation summing Compton Spectrometer. 
a, b, c, d and e indicate the spectra taked with 
the second crystal pulse-height selector set at 
0.14~0.18, 0.18~0.24, 0.24~0.28, 0.28~0.32 and 
.0.37~0.47 MeV respectively. 
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inches in length, is placed just beside the 
first crystal with it center axis lying on the 
plane of the front surface of the first one. 
The secondary photons, which are produced 
by Compton scattering in the first crystal, are 
caught by the second crystal, and the pulses 
from the two crystals in coincidence are 
summed to yield pulses corresponding to the 
full energy of the primary photons. 

The spectra of the summed pulses are shown 
in Fig. 2, in which a, b, c, d and e indicate 
the spectrum taken with the second crystal 
pulse-height selector set at 0.14~0.18, 0.18~ 
0.24, 0.24~0.28, 0.28~0.32 and 0.37~0.47 MeV 
respectively. The gamma rays of energies 
of 0.33, 0.43, 0.485, 0.75, 0.815 and 0.92 MeV 
which are already reported” are seen in the 
figure. Besides the peaks of these gamma 
ray, a small peak is seen at 0.63 MeV, which 
possibly be ascribed to the transition between 
the 2.53 and 1.90 MeV states. The order of 
the yield of this gamma rays is estimated to 
be 1x10-* quantum per disintegration. Since 
the spin and parity of the ground state of 
La‘#? are 3-, the beta transition to the 1.90 
MeV state of Ce!*® is forbidden. The 1.90 
MeV state must be fed by the transitions 
from the upper levels which have spins 1 or 
2. The 2.53MeV gamma rays are relatively 
strong and the 2.53 MeV state is considered 
to be 2+. The 1.90MeV state will, there- 
fore, be fed by the transition from this state. 
The peak corresponding to the transition 
between the 1.90 MeV and 1.60 MeV state was 
not found. Since this peak might be obscured 
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Fig. 3. Spectrum of conversion electrons of Ce'# 


(Bp =1550~2150). 
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by the intense 0.33 MeV gamma rays, the 
spectrum of conversion electrons was meas- 
ured carefully by a magnetic spectrometer of 
15cm radius, the source being prepared from 
an equiliblium Ba'*°-La'#® mixture by the ion 
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Fig. 4. Spectrum of conversion electrons of Ce!40 
(Bo =6400 ~ 8000). 
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exchange method. The results are shown in 
Fig. 3. No bump is seen in the spectrum at 
the Bo-value corresponding to 0.30 MeV gam- 
marays. The upper limit of the yield of this. 
conversion electrons is estimated to be less 
than 8.7*10-* per disintegration. If we as- 
sume that this 0.30 MeV transition is a pure 
E2 one, then the upper limit of the yield of 
this gamma rays will be 2x10-* per disinte- 
gration (conversion coefficient a,=4.6 x 10-?)®.. 

In Fig. 4, another part of the conversion- 
electron spectrum is shown. The existence 
of K- and L-lines of 1.90 MeV transition is. 
obvious. The yield is about 20% of that of 
the 1.60 MeV conversion electrons. The K- 
conversion coefficient of 1.60 MeV gamma 
rays, which are emitted in almost every 
disintegration of La'#®, is determined to be 
6.3x10-4 from the ratio of the area of the 
conversion-electron peak to that of the beta 
ray spectrum. Then the yield of the K- 
conversion electrons of the 1.90 MeV transi- 
tion turns out to be 1.0x10-* per disintegra- 
tion. 

An estimation of the upper limit of the 
yield of 1.90 MeV gamma rays was made by 
use of a scintillation pair spectrometer. The 
results are shown in Fig. 5. The yield of 
1.90 MeV gamma rays, if such exist, will be 
less than 1.2x10-* quantum per disintegra- 
tion. These results are in good agreement 


2.5 


Fig. 5. Spectrum of Ce!49 gamma rays obtained with a scintillation pair spectrometer. The peak 
at 2.12 MeV will be the satellite 1.60-MeV gamma rays which were counted by the following 
process; one of the annihilation quanta escaped the centre crystal and was captured by one of 
the side crystals and at the same moment a gamma quantum in cascade with this 1,60-MeV’ gamma. 
quantum, passing through the lead shield, fell on the other side crystal, 
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with those of Dzelepow et al. 

High energy gamma rays of 2.35 and 2.53 
MeV are seen in Fig. 5. By comparing their 
peak heights with that of 1.60MeV gamma 
rays, the yield of 2.35 and 2.53 MeV gamma 
rays are estimated to be 4x 10-° and 2.5x 10-2 
quanta per disintegration respectively. Then 
the ratio of the yield of the 2.53 MeV gamma 
rays to that of 0.63 MeV gamma rays (1x 10-8 
quantum per disintegration) turns out to be 
about 20, a figure which is acceptable if the 
spin and parity of the 2.53MeV state are 
assumed to be 1*), but out of theoretical 
expectation” if otherwise (2+)”. 
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The magnetic susceptibilities of Cu-n butyrate monohydrate, Cu-stearate 
and Cu-acetate monohydrate were measured in the temperature range 


from 90°K to the room temperature. 


The energy of exchange interaction 


J between the cupric ions Cu++ in the nearest neighbour sites were 
evaluated from the observed values and the relation X»,=(0.125 g?/T)- 


(1+(1/3) exp(+J/kT)]-!. 


The magnitude of J-values thus obtained were 


Jcu-butyrate=430 +150°K, Jou-stearate= 485 +15°K and UGueacetate= 400 + look. 
And it seems that the g-value of Cu-stearate is somewhat jlarger than 


the value of Cu-acetate monohydrate. 


$1. Introduction 

The two cupric ions of Cu-acetate mono- 
hydrate are expected to be located at a very 
short distance in the crystalline state from 
the results of the measurements of magnetic 
susceptibility (Guha; Perakis, Serres and 
Karantassis? and Martin and Waterman’) 
and paramagnetic resonance (Bleaney and 


Bowers”). 

Van Nickerk and Schoening (1953)°) have 
stated that the copper acetate monohydrate 
consists of a dimeric molecule such as Cuz: 
(CH:COO),-2H:O in which the distance be- 
tween the two cupric ions is 2.64A. The 
experiment of paramagnetic resonance of Cu- 
butyrate monohydrate and Cu-propionate 
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1) Cu-n butyrate monohydrate Cu(CsH:COO):: H:0 


Table I. 
TK i tm 108 | 1/Xm- 10-8 Dexp | T°K Xm 108 | 1/Xm- 10-8 Does 
PepaGiraalilenBsisOl wniaety 1.83 | 205 == 798 1.26 1.20 
273 846 1.18 1.71 186 741 1.35 1.01 
260 840 1.19 1.62 160 654 1.53 0.76 
245 B36 elle wet 120 1.52 130 526 1.93 0.48 
228 BS calcul ay 1.41 85 372 2.69 0.21 
2) Cu-stearate Cu(Ci;Hs;COO)2 
Table Il. ' 
nereipeg Xoa+ 108 | 1Xm:10-8 | exp | Vina a Xm°108 | fkm-10-8 | Peay 
owsoni296 | <s¥898 t Medte02 1.98 177 638 1557 0.82 
245 ya a 1.58 165 623 1.61 0.74 
233 sige 1 Viles 1.47 156 519 1.93 | 0.57 
220 798 1.25 1.30 131 444 2525 Paty] OL Weed 
209 738 1.36 ge 98 386 2.59 0.26 
189 722 1.39 1.00 
3) Cu-acetate monohydrate Cu(CHsCOO).2-H:O 
Table III. 
T°K Xm:108 1 /Xm* 10-8 ea. | ym:108 | 1/%m-10-8 | pry 
296 883 Lis 1.95 | 228 851 | eek? 1.44 
| 
273 883 ileal 1.80 | 208 827 1.21 1.28 
269 884 DH 1.78 | POSEN |. dre 1525 Vet5 
262 885 1.13 ice 182 753 1.32 | 1.01 
259 887 112 ines ante fey a7 3? 0.77 
256 =| 887 12 rela | 141 439 2.08 0.43 
252 «| ~— 880 1.13 165° | 124 423 | 2.36 0.36 
244 883 Lag 1,61, a Seal) 204e> {14.0058 || net 
236 873 1.14 1.54. | 90 180 5.50 | 0.09 


{ 
i 


monohydrate was carried out by Abe et al®), 
and the spectroscopic measurement of these 
salt was carried out by Tsuchida and Yama- 
da’. These salts show the behavior similar 
to that of Cu-acetate monohydrate found in 
the above mentioned studies. The results in 
the present study for Cu-butyrate monohyd- 
rate and Cu-stearate also show the same 
character as that of Cu-acetate monohydrate. 

The method of measurement and the ap- 
paratus used are those which have been con- 
stantly used in our laboratory and the detail 
was given in the other report of present 
author®. The merit of figure is (1.000--0.015) 
-10-° e.m.u./gram and the strength of magne- 


tic field used is about 6000 Oe in the air gap 
of 3cm. The cooling method is the indirect. 
heat leak method®) and the measuring tem- 
perature is controlled by liquid nitrogen or 
dry ice in alcohol. 

Cu-m butyrate monohydrate, and Cu-acetate 
monohydrate were prepared by Kanto Chemi- 
cal Co. These samples are carefully purified 
and recrystallized in water free alcohol by 
the present author. Cu-stearate was kindly 
supplied from Dr. S. Yamada. 


§2. The Results of the Measurement 


The results of the magnetic measurement 
are given in the following tables (Tables I, IL 


1961) 


and III) and in Fig. 1. In these tables, pix» 
are the empirical value of the square magne- 
tic moment of electron spin in the Bohr 
magneton unit evaluated by the relation 
2A2 2 
=P RE +Na=2 8" Na (1) 
where ym, 8, N and k are values of the molar 
susceptibility, the Bohr magneton, the Avo- 
gadro number, and the Boltzmann factor. 
The following values of molar susceptibili- 
ty are used as the diamagnetic correction” 


(CsH;COO)2-- = —108.0- 10-5, 
(Ci1zHssCOO)2-- = —437.0-10-8, 
(CHsCOO)2-- = —62.8-10-*, 
H.O=—12.9-10-°, 

and the correction of temperature indepen- 


dent term of paramagnetic ion Cutt (Na) is 
60-10-8 *). 


Xm 


200 


O 100 


Fig. 1. Relation between the reciprocal magnetic 
susceptibilities per mole Xm and T. 


§3. Discussion 

a) Calculation of the exchange interaction 

energy from the experimental results 

The present result for Cu-acetate mono- 
hydrate at low temperature agrees well with 
the result given by Perakis et al”, while the 
values of ym and p? in the Tables I, Hf and III 
are different from those given by Guha” at 
low temperature. The temperature at which 
the value of susceptibility shows a maximum 
value seems to shift to a higher temperature 
as the ligand proceeds from acetate to stea- 
rate. But the values of susceptibility of Cu- 
n butyrate monohydrate and Cu-stearate at 
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about 100°K are larger than that of Cu-ace- 
tate monohydrate. It seems that these un- 
expected results arise from a paramagnetic: 
impurity (it may be free cupric ion Cutt). 
In the experiment of paramagnetic resonance: 
of Cu-acetate monohydrate), the observed. 
parallel and perpendicular g-values with re- 
spect to the principal axis agreed very close- 
ly with the values in other copper compounds: 
such as the Tutton salts. It seems reasonable 
to assume that the individual copper ion is. 
in the ?D state as shown in Fig. 5. In the 
present case, it 1s assumed that Cu-nv butyrate: 
monohydrate and Cu-stearate are also in the: 
same state as Cu-acetate monohydrate. Ac- 
cordingly, it is considered that the magnetic: 
character of these salts depends on _ the: 
electronic splitting of singlet and triplet due: 
to exchange interaction between two cupric: 
ions in the nearest neighbour sites. A rough. 
quantitative conclusion can be drawn from. 
this assumption in the case of powdered! 
samples. 

The exchange interaction energy between 
two nearest copper ions is expressed as. 
—JS:S2:, where J is negative. The orbital 
ground level in ?D state of Cut*+ is singlet: 
and the effect of anisotropic field may accord- 
ingly be neglected. Thus we get the Hamil- 
tonian’” as follows, 


F=JS:82+g8SH 
= (eS) . JS(S+1)+g8MH-+ constant. 


where, S=Si+S:. The partition functiom 
which corresponds to the above Hamiltoniam 
is 
Z=>. exp (—HFA/RT )=1+exp (—J/kT) 
-{3+(gBH/RT )*} (2» 
provided that S=1 or 0, M==:1 or 0. The: 
molar susceptibility ym are given as, 
Ng? 8? _ exp(—J/kT) 
kT 1+3exp(—J/FT) 
and adding the term of temperature indepen- 
dent paramagnetism of Cu*t+ ion (Na=60-10-© 
e.m.u./mol) to the above relation 
0.125 g? — 1 
ee 1)-exp el) 


Yn>= 


160 Oss 
(3) 


The constant J of these salts can be estimat- 
ed from the observed p? and the relation (3). 
The values of g?, g and J determined in this 
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Table IV. . 
: g g | J 
36 le tS = 
Cu-acetate monohydrate 4.74+40.2 2.18+0.05 430+15°K 
Cu-n butyrate monohydrate 4.454+0.2 2.1140.05 430+15 
Cu-stearate 5.40+0.2 2.32+0.05 485 +15 
way are shown in Table IV. ME age tie Cae 
The calculated square magnetic moment pe 
pea, evaluated from the relations (1) and (3) 
by the use of the values in Table IV, are is} 
represented by solid curves in Figs. 2, 3 and 
4 together with the observed values pxp which ol 
are represented by broken curves. The , 
curves show that the estimated values of / 
and g for acetate and butyrate are resonable os 
2.0 pe 
pe Cu-acetote monohydrate °50 T00 150 200 250 B00 
5 Fig. 4. Relation p? and T of Cu-stearate. 
A: —A— is experimental curve, B~E are 
calculated curves. B: g?=5.40, J=485°K, C: 
Lo} g?=5.40, J=470°K, D: g?=540, J=500°K, E: 
g7=5.60, J=485°K, Bs g2==520 sia 85 
5} 4 
v but the values for stearate are not so reliable 
because p%x, deviates considerably from the 
Ose 55 ——sis ——aig — sd curves of pis as shown in Fig. 4. 


Fig. 2. Relation yp? and JT of Cu-acetate mono- 
hydrate. 
A: —A—-— is experimented curve, B~E are 
calculated curves. B: g?=4.74, J=415°K, C: 
z= 4 1a — 44K De —=44( 40) 200 meen ys 
(oO A re) AOU RAK tbh 22424 =A OK 


2.0} 


pe Cu- butyrate monohydrate 


05 


°56 100 150 260 250 300°K 
Fig. 3. Relation p? and T of Cu-m butyrate mono- 
hydrate. 
A: ——A — is experimental curve, B~E are 
calculated curves. B: g?=4.45, J=415°K, C: 
g?=445, J=480°K, D: pt=445) J—1445°K. EB: 
9°=465, J=4380°K, F: 92=4:25, J=430°K. 


b) g-value 

The g-value of Cu-butyrate monohydrate 
agrees roughly with the value of Cu-acetate 
monohydrate in the present magnetic measure- 
ment, as seen in Table IV. This result shows 
the fact that the copper ion of these salts 
is placed in a similar crystalline field. Such 
a consideration as above mentioned may be 
reasonable because these salts have the same 
coordinated ligand except in the number of 
carbon chain of normal alkyl group—C:He- 
radicals and CHs-radicals for Cu-m butyrate 
and Cu-acetate respectively. However the 
g-value of Cu-stearate differs considerably 
from the value of Cu-acetate monohydrate. 

The g-values of Cu-z butyrate monohydrate 
and Cu-acetate monohydrate agree with the 
value in the other copper compounds such as 
the Tutton salt. Therefore it may reasonab- 
ly be assumed that the individual copper ion 
in these two salts is subject to the similar 
type of crystalline field with the cubic and 
tetragonal symmetry. While Cu-stearate has 
not coordinating water molecule —H:O and 
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the effect of low symmetry crystalline field 
may be different from the above two salts. 
The orbital levels of the cupric ion Cut+ 
split into higher triplet and lower doublet in 
the cubic field and this doublet splits into two 
singlets (A and B) and the other triplet splits 
into a doublet (C and D) and a singlet (E) in 
the tetragonal field, as shown in Fig. 5. Each 
orbital level has an additional double degene- 
racy associated with the electron spin of 1/2. 


CandD 


E 


B 
A 
free cubic tetragonal 
field field 


Fig. 5. Energy splitting 2D level of Cu+~* ion by 
crystalline field (not to scale). 


If the energy of states (E) and (C, D) rela- 
tive to the state (A) are denoted by 4: and 
4, respectively, the g-values of the parallel 
and perpendicular components to z-axis of 
Cu-acetate monohydrate are given by Bleaney 
and Bowers?) are following, 
Zu =21—42/h1) , 
£1 =2(1—A/A:2) . 
If the spin-orbit coupling constant for free 
ion 2=828 cm!" is used, the orbital splitting 
of Cu-acetate monohydrate can be obtained 
by them as 4:=20700 cm“ and 42=15000 cm“, 
by use of the above results of paramagnetic 
resonance. Assuming the same crystalline 
field as in the Cu-acetate monohydrate and 
using g=2.38 given by the present authors, 
the numerical values of 4: and 4:2 evaluated 
from the relation (4) are about 15% smaller 
than the value of Cu-acetate monohydrate in 
the case of Cu-stearate. 
c) Exchange interaction 
If we consider that the distance between 
Cu** ions is 2.64A, it seems that the exchange 
interaction energy of about 400°K can be 
hardly expected only from the direct coupl- 
ing between Cut+ ions. The super-exchange 


(4) 
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interaction between two Cut+ ions through 
the nearest carboxyl radial should be also con- 
sideration for the interpretation of the ex- 
change interaction energy of these salts. 

In addition it should be noted that there is 
a marked difference in the exchange interac- 
tion energy between Cu-stearate and Cu-ace- 
tate monohydrate, that is 


Jousicaraie a J ca-sectate255° Ke 38icniaa 
$4. Conclusion 


1) Since the g-value of Cu-z butyrate 
monohydrate gives the same value as that of 
the Cu-acetate monohydrate, the symmetry 
properties and the magnitude of the crystalline 
field in these salts are similar to each other. 

2) Since the Cu-stearate has no coordinated 
water molecule, the crystalline field and ex- 
change energy in this salt seem to be diffe- 
rent from those in the other two salts. 

In conclusion, the present author wishes to 
express his sincere gratitude to Prof. K. Kido 
who encouraged him for the proceeding of 
the present study, also to Dr. S. Yamada of 
Faculty of Science, Osaka University who 
kindly supplied the sample of copper stearate 
and to Dr. P.H. Kim for his helpful dis- 
cussion. 
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Velocity of Slowly Moving Dislocation 


By Tomoyuki TAKEUCHI 
National Research Institute for Metals, Nakameguro Meguro Tokyo 
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It is assumed that the observed dislocation velocity is-the average 
velocity during the successive jumps, and that the jumping distances are 
large compared with the atomic spacing. The excitation probabilities 
for large jumps are calculated by the forces on dislocation, in which the 
thermal effects are introduced as the fluctuation of the local shear stress. 
The dislocation velocity in otherwise perfect crystals of relatively large 
Peierls stress are obtained as the functions of applied stress and tem- 


perature. 


§1. Introduction 


When a dislocation line moves, it is required 
to surmount the Peierls potential hills. 
Whether the dislocation goes over each hill 
with the thermal assistances, or it moves a 
large distance when the dislocation is once 
excited to go over a hill, isan essential problem 
in the considerations of the dislocation motion. 

There are two experiments which reveal 
the motion of a dislocation line. The one is 
the direct observations of dislocation motion 
under the electron microscope, and the other 
is the observation of the dislocation motion 
under the applied stress by means of the 
etch pits. The former shows qualitatively 
the discontinuous motions having jumps and 
stays, and the latter” shows that a dislocation 
line moves by the successive jumps of about 
one micron of distance. If these facts are 
the normal properties of the dislocation in 
motion, it is suggested that the thermally 
excited dislocation line can move a large dis- 
tance compared with the atomic spacing. 

According to this standpoint, the average 
velocity v of a dislocation under the successive 
jumps can be expressed by the product of 
the jumping distance D and the jumping 
frequency »v: 

v=D». C19 
When the stress and temperature dependence 
of the jumping distance is very small com- 
pared with that of the jumping frequency, 
the functional relations of dislocation velocity 
with the applied stress and the deformation 
temperature can be expressed approximately 
by those of jumping frequency. 

For simplicity, the following considerations 
on the excitation probability are restricted to 


the case of a straight dislocation line im 
otherwise perfect crystals. Then the force 
which restrain the excitation of the dislocation 
motion is the Peierls stress. The jumping 
processes are treated as independent to each 
other, which is the meaning of the slowly 
moving dislocation. A distinct feature of the 
following considerations is the calculation of 
the excitation probability of dislocation by the 
use of the thermal forces, i.e. fluctuating 
local shear stress. 


§2. Fluctuation of Local Shear Stress 


The probability that a small region of the 
crystal has a component of the shear stress 
fluctuation 4o is 


at _ Vo) 

Ww Cexp ( ee 

where G is the shear modulous and V is 
volume of the small region. In order to treat 
the fluctuation of the local shear stress around 
the dislocation line, V is expressed by the 
product of the effective cross-sectional area 
f (atoms) and the length J (atomic planes) of 
the dislocation: 


V=vfl, 
where wv) is the volume of atom or molecule. 


The probability that the dislocation segment 
is under the stress fluctuation do is 


w(l, de)=C exp { -4 ida 


where 
a=vof/2Gk . (3) 
In the consideration of the fluctuation, any 
fixed volume is usually considered. However, 


in the case of the dislocation in otherwise 
perfect crystals, there is no need to consider 
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a fixed length of the dislocation line. Then 
it is assumed that some region of a dislocation 
line can be excited when a fluctuation satisfy- 
ing specified conditions on / and 4o (see the 
following section) appears somewhere of the 
dislocation line. Under these conditions, 
factor C in (2) would be of the form 


c=9n(S)", 


where ¢(/) arises from the freedom of the 
position of the fluctuation, and is considered 
to be ¢(2)«/°~]-*, which gives only a minor 
effect to the final results. 


(4) 


$3. The Conditions for the Excitation of 


Dislocation Line 


At first, the apparent stress required to 
elongate the total length of the dislocation 
line is introduced. Suppose a length / of the 
dislocation has moved for m units distance 
of the Peierls potential, then the work done 
by the stress a; is 

W=a.b(ai)(cm) , 
where 6 is the magnitude of Burgers vector, 
a and ¢ are the units of the atomic planes. 
By this motion, the total length of the dis- 
location line increases by 2m atomic planes, 
then the increase of the dislocation energy is 
2mE, where E is the energy per atomic plane. 
The necessary stress o, satisfying the con- 
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dition 2mE=W is given by 
o=B6/l , (5) 
where 
B=2E/bac=2E/v» . (6) 


In order to displace a length of the dis- 
location line from the initial position of the 
of the Peierls potential valley, the sum of 
the applied stress o and the fluctuation stress. 
4o should be larger than the sum of the 
Peierls stress o) and the stress required to- 
increase the total length of the dislocation 
line 6/l: 

do>oy—0-+- A (7) 
In order to displace a segment / of a disloca- 
tion line for large distance, the energy re- 
quired to increase the line length should be: 
provided by the applied stress alone, thus 


I> pia. (8): 
When the both conditions (7) and (8) are 
satisfied, the excited segment of the disloca- 
tion line can be accelerated. 


§4,. Excitation Probability 


When a fluctuation stress satisfying (7) 
appears on the dislocation line of the length. 
satisfying (8), the motion of the dislocation 
line for large distance is started. Then the: 
excitation probability of dislocation is 


PT, a=|" al\" Cexp { — Fda Oe (9) 
Blo Joy-o+B/1 rs 
Integration with respect to (do) gives, when f(/)>1, 
, oe WE eT exp =f) . 
IPA y= ; ae (10) 
Catie\ sea pay 
where 
Aye I( a or ih (11) 
IO=7 wale 


Integration with respect to / is rather complicated, and the}following consideration gives: 
the approximate integration. /f(/) can be rewritten as 


roth ol(age Ss (GY 


then it is found that f(/) is minimum at /(o)—o)/8=1 and exp{—/(/)} is maximum at this 
point. When af(o—s)/T>1, exp{—f(/)} has a sharp maximum. In this case, the proba- 
bility density is predominant at the largest of exp {—/(/)} over the range of the integration. 
Inserting 7/=8/o when $/o>6/(o.—), and 1=8/(¢.—c) when f/o<f/(o.—a) into the integrand 
of (10), the approximate functional relations of the excitation probabilities can be expressed: 


by 


4684 
= _ &Bao? 
RO) exp ( GF ) 


= Bp exp ( T 
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for (12a) 


(12b) 


where B; and B: are the functions of T and o, which can be calculated, if necessary, by 


more accurate calculations. 


§5. Dislocation Velocity 


The excitation frequency » of the dislocation line for large jumps is 


v= ver (so). 


where » would be of the order of Debye frequency. 


dislocation velocity is obtained as 


(13) 
From (1), (12), (3), (6) and (13), the 


zi P | 
v= A: exp ( pees eal for o6<6)/2 (14a) 
=A2 exp ( —4iit=2) for a/2<0<a, (14b) 
where 
A:=DywB: and Az=Dy Bz 2 


In order to compare (14) with the observed 
dislocation velocities, it is convenient to use 
the velocity-stress relations at constant tem- 
perature. When the relation (14a) is rewritten 
in the form 


v xo” (15) 

in the small range of applied stress, the cor- 

responding value to 7 is given by 
dlnv Eo? 

Paes aie 

in which the term a: arises from ¢(/) in (4 

and the integration processes, and is about 


(16a 


0.5~2.5. The similar calculation for (14b 
gives 
4f Eo 
=p 16 
es Grin rep 


in which the term a: is of the order of one 
except at very low temperature. When 7 is 
very large compared with a: and az, the 
terms A: and A: can be set to be constant 
aS an approximate functional form of the 
dislocation velocity. In this case, the stress 
and temperature relations at constant velocity 
are of the form 


ga for oa<o,/2 (17a) 


and 


Og—o xT for 0o|2<a<a 5 


(17b) 


§6. Discussion 

In the preceding calculations, three para- 
meters are used: effective cross-sectional area 
of dislocation f, dislocation energy EF, and 
Peierls stress 05. These parameters can be 
estimated from the observed values of 2 by 
the relation (16a). 

From the observed dislocation velocities 
(10-*~10-7 cm/sec) at 300°K, it had been 
shown that »~18 (¢o~0.25kg/mm2) for the 
softened crystals of lithium fluoride’, and 
n~ 38 (o~12kg/mm?) for silicon-iron crys- 
tals”. Neglecting the term a in (16a), and 
using the above observed values and G=11.6 x 
10° kg/mm? (Si-Fe) and 3.5x 10° kg/mm2(LiF), 
one gets f Eo.?=400 eV (kg/mm?)? for LiF and 
S Eo, = 1.35 x 10° eV (kg/mm?)? for Si-Fe. 
When the values f=16 atoms and E=2eV 
per atomic plane are tentatively assumed, the 
Peierls stress becomes ~3.5kg/mm? for the 
lithium fluoride crystal and ~60 kg/mm? for 
the silicon-iron crystal. 

The condition (z>1) used for the final re- 
sults (14) and (17) is satisfied for the slowly 
moving dislocation in the crystals of relatively 
large Peierls stress under the moderate tem- 
perature range. 


The important points of the present treat- 
ment are the excitation conditions (7) and 
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(8). Especially, (8) is the expression of the 
jumping motion of the dislocation line for 
many atomic spacings. The excitations of 
the dislocation line merely through (7) with- 
out satisfying (8) are considered to be not 
essential for the plastic deformation of the 
crystals, and are neglected in the calculation 
of the dislocation velocity. Such excitations 
would cause the motions of dislocation line 
similar to Brownian motion®)”. The theory 
of Lothe and Hirth» on the dislocation dy- 
namics is essentially based on this motion. 
It is the excitation condition (8) that dis- 
tinguishes the present model from the current 
theories. In order to test the validity of the 
model, the assumption of the jumping dis- 
tances large compared with the atomic spac- 
ing, which seems to be supported by the ex- 
perimental evidences’, should be explained 
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by another theory. 
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A careful consideration on lattice vibrations in the ionic ferroelectric 
crystals such as BaTiO; reveals that a correct physical picture of the 
ferroelectric transition in these crystals may rather be regarded as an 


order-disorder transition of orientation of dipoles. 
in the disordered phase is a characteristic feature. 


A strong local order 
The model gives 


natural interpretation of the occurrance of three successive transitions 


in BaTiO;, and predicts dielectric 
paraelectric phase. 


$1. Introduction 


Quite a number of papers have appeared 
dealing with the theory of the ferroelectricity 
of barium titanate since the discovery of the 
substance being ferroelectric. The first paper 
by Mason and Matthias’ assumed each 
titanium ion to be situated in a multiple-well 
potential field, and tried to interpret the 
ferroelectric transition as an order-disorder 
transition of the distribution of the Ti atoms 
among these potential wells. A subsequent 
paper by Devonshire,” as well as one by 
Slater,” denied the possibility of a multiple- 


dispersion of relaxation type in the 


well potential in the paraelectric phase, and 
gave a theory based on a single-well potential. 
The transition to ferroelectric phase occurs,, 
just as in Mason-Matthias’s theory, as a 
result of Lorentz interaction among Ti ions, 
but the transition is not of the order-disorder 
type but a simple simultaneous spontaneous. 
shift of the Ti ions parallel to one crystallo- 
graphic axis. Since then, the latter theory 
got wide acceptance and Mason-Matthias’s. 
theory seems to have been completely dis- 
carded. 

It is doubtless that Mason and Matthias’s. 
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assumption of the existence a priori of a 
multiple-well potential for the Ti atom is 
entirely inadequate for the paraelectric barium 
ititanate. Nevertheless, it is the purpose of 
the present note to point out that a closer 
investigation of the model of Devonshire and 
Slater leads to a physical pictute which is 
strikingly akin to Mason-Matthias’s model, and 
that the ferroelectric transition of barium 
titanate is also properly an order-disorder 
‘transition. 


$2. Nature of the Thermal Motion 


In the theory of Devonshire and Slater, the 
ferroelectric transition of barium titanate is 
explained as follows. Each Ti atom in the 
paraelectric (cubic) phase of BaTiO: is situat- 
ed in a field of the surrounding atoms which 
is practically harmonic, that is, a linear restor- 
ing force acts on the Ti atom when it is 
displaced from the centre of the cell. In ad- 
‘dition, there is a Lorentz (electrostatic) inter- 
action among these Ti atoms, which is nega- 
tive and is proportional to the square of the 
displacement when all the Ti atoms are 
displaced in the same direction and by the 
same amount. If the coefficient of restoring 
force is small enough so that interaction 
energy dominates, the simultaneous displace- 
ment of all Ti atoms lowers the total energy 
‘and a spontaneous displacement takes place, 
and the crystal becomes ferroelectric. 

In order to explain the transition, that is, 
the appearance of spontaneous displacement 
within a specified temperature region, one has 
to assume some form of temperature depen- 
dence in either or both of these coefficients. 
There are at least two possible origins for such 
.a temperature dependence: thermal expansion 
and the anharmonicity of the potential. 

The effect of the thermal expansion on the 
one hand tends to favour the spontaneous 
displacement at higher temperature by decreas- 
ing the restoring force, but on the other 
hands tends to disfavour it by decreasing the 
Lorentz energy. The anharmonic term in 
the potential in general tends to increase the 
effective restoring force with temperature, 
‘since, with increasing amplitude of the 
‘thermal motion, the atom tends to spend 
more time in the vicinity of surrounding 
atoms, where the potential is ‘harder’, that 
is, has a greater second derivative. The 
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usually negative temperature coefficient of 
the dielectric constant’ in the paraelectric 
region and the fact that ferroelectric phase 
lies below the transition point seems to show 
that the effect of anharmonicity is the most 
important. 

In the above argument, the thermal motion 
of an atom was considered independently of 
the other atoms in the crystal, that is, we 
used the Einstein model. 

In order to take a more detailed account 
of the effect of thermal motion, let us now 
try to use the Debye model. The motion of 
each atom is now considered as a superposi- 
tion of a great many normal oscillation 
modes, which are regarded as being approxi- 
mately independent of each other. The 
modes are grouped to several branches, which 
are either acoustical or optical, and only the 
acoustical branch contains modes of a wide 
range of frequency, including those of very 
low frequency. We are, however, interested 
in the motion of an atom relative to its 
neighbours, and since the low-frequency 
acoustical modes are those for which the 
relative positions of neighbouring atoms are 
little changed, we can neglect these low- 
frequency modes. Then we have only to 
consider the modes lying in a relatively nar- 
row frequency region. This means that we 
may approximate all the modes by a single 
frequency, and the former consideration based 
on the Einstein model is justified. 

However, in potentially ferroelectric crystals, 
that is, the paraelectric state of ferroelectric 
substances, the situation is somewhat differ- 
ent. In such crystals, the frequency of the 
long-wave optical modes also becomes very 
low, and the lowest frequency tends to zero 
as the temperature tends to the Curie point 
(assumed to be a second order transition). 
Since the amplitude of thermal oscillation is 
inversely proportional to the frequency, these 
slow oscillations will have very large ampli- 
tude, and it is probable that most part of the 
relative thermal motion of the atoms are the 
contribution of these slow oscillations. 


§3. Role of Anharmonicity 


So far we have neglected the anharmoni- 
city of the interatomic forces. One of the 
effect of anharmonicity will be to cause the 
coupling between different normal modes. 


1961) 


However, an attempt to develop a consistent 
theory taking account of the anharmonicity 
faces an unexpected difficulty. 

From what was said in the preceding sec- 
tion it follows that the temperature dependen- 
ce of the frequency spectrum of the optical 
modes is actually an indirect effect of the 
coupling of modes due to the anharmonicity. 
Accordingly, a more rigorous approach would 
be to start by taking the normal mode spect- 
rum at the absolute zero temperature, and to 
-consider thereupon the effect of coupling 
between these modes. In ordinary substances, 
such a treatment may give a satisfactory 
theory, although it may lead to a rather 
elaborate formulation. In ferroelectric sub- 
-stances such as barium titanate, however, it 
would lead to a fundamental difficulty, since 
the frequency of certain long-wave modes 
become imaginary, corresponding to the fact 
that unpolarized state of BaTiO: is unstable 
at low temperature. 

The origin of this difficulty will be traced 
ito the fact that the amplitude of thermal 
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motion in such substance is so large, and the 
Lorentz interaction of the atoms is so strong, 
that a conventional quasi-harmonic picture of 
the thermal motion becomes entirely invalid. 
It seems more probable that the displacement 
of most Ti atoms in BaTiO; is saturated, 
even in paraelectric state, and the effect of 
thermal motion would be to bring a Ti atom 
from one saturated position to the other, just 
as in KH:2PO, and other dipole-type ferroelect- 
rics. In such a situation, the Debye approach 
as considered above seems quite inadequate. 
However, in the following sections we will 
try to make a qualitative picture of such 
potentially ferroelectric crystals, so as to 
become the basis of a more quantitative 
theory. 


§ 4. Proposed Picture of the Barium Titanate 
above the Curie Point. 

In accordance with the above consider- 
ations, the following picture will be proposed 
for the paraelectric phase of the barium 
titanate (Fig. 1). 


“DOMAIN WALL‘ 
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Consider a row of unit cells extending in 


the direction of one of the crystal axes. 
“Every Ti atom on this row is displaced from 
-the centre of the cell to either direction along 
-the row, producing dipole moments of either 
,direction but of constant magnitude. 


The 


- directions of these dipoles are not independent 
of each other, but the adjacent dipoles strong- 


ly tend to be parallel so that the whole row is 


- split up into a number of segments, so that 


within each segment the dipoles are all 
parallel but the dipoles in the adjacent seg- 
ments are directed oppositely. These seg- 
ments are not fixed, but their boundaries or 


the ‘domais walls’ are always moving ran- 


-domly back and forth, with eventual creation 


and annihilation of segments, or ‘pairs’ of 


the boundaries. If we fix our eyes on a 


: single Ti atom, it is normally at rest in one 


One-dimensional picture of the paraelectric state. 


Arrows indicate displacement of Ti atoms. 


of the extreme positions in the cell (making, 
of course, a small thermal vibration about 
this position), but eventually it jumps from 
one extreme position to the other and vice 
versa, as the ‘domain wall’ passes the cell 
in question. 

The reader will at once notice the striking 
resemblance of this picture with Mason- 
Matthias model. In fact, the ferroelectric 
transition deduced from our model will be 
essentially an order-disorder transition of the 
orientation of dipoles of fixed magnitude. 
However, in spite of the apparent similarity, 
a fundamental difference must be noticed. 
Mason and Matthias assumed, a priori, that 
there exist several equilibrium positions for 
each individual Ti atom, and considered the 
order-disorder transition by interactions. 
That is, the permanent dipole they assumed 
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existed entirely independently of the sur- 
rounding atoms and the interactions affected 
only the alignment of dipoles. In our picture, 
on the contrary, we assume that the dipoles 
or the displacement of Ti atoms are created 
just by the cooperative effect, namely, the 
Lorentz interaction of a great many atoms 
within the row, even in the  paraelectric 
phase. In the transition to ferroelectric state, 
the length of the segment becomes infinite 
(that is, of macroscopic size), while a trans- 
verse ordering also appear. Thus we are 
dealing with an order-disorder transition with 
a high degree of local order in the disordered 
phase. It is to be noted that this high local 
ordering is the characteristic feature of our 
picture. 


§5. Three-Dimensional Picture. 


In the foregoing we have restricted our- 
selves in a somewhat unnatural way to dis- 
cussion of the interaction of dipoles within 
a single row of cells, and also the possibility 
of displacement of atoms in other crystal- 
lographic axes has been neglected. Now the 
former restriction seems to be justified on 
the ground of the special feature of barium 
titanate that the Lorentz interaction energy 
between adjacent rows of dipoles is probably 
very weak compared to that between the 
cells within the same row.” In the following 
we will extend the model to include the 
dipole orientation in three dimensions. 

Since the symmetry of barium titanate is 
cubic, there is no reason to exclude the pos- 
sibility for the Ti atom to be displaced 
parallel to the other two crystallographic 
axes. It may be possible that the displace- 
ment of an atom in one direction (say z 
direction) prevents the displacement of the 
same atom in a direction orthogonal to it. 
Here, however, it will be assumed that the 
displacement of the same atom can occur 
along the three crystallographic axes simul- 
taneously, and independently of each other. 
Thus we can imagine three orthogonally 
intersecting bundles of rows of cells, each 
being of the kind just described, running 
parallel to the three crystallographic axes 
respectively. Accordingly, each Ti atom is 
displaced in one of the eight crystallographic 
directions equivalent to (111) hence having 
the displacement vector (-&6, +3, +3). Each 
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one Ti atom defines three orthogonal seg- 
ments of the rows of cells, and the displace- 
ment of that Ti atom is the vectorial sum of 
the displacements associated with each of 
these three segments. An example of the 
configuration of the displacements is given 
in Fig. 2 in a two-dimensional form for 
illustration. ar 


RUPEES 


\/ 


Fig. 2. Two-dimension illustration of dipole con- 
figuration. Note the flux closure. 


In the simple one-dimensional picture, it 
was necessary to care for the free electric 
pole that is produced at every ‘domain wall’. 
The present three-dimensional picture has the 
advantage that a free pole produced in one 
row of cells can be neutralized by a free 
pole of opposite polarity produced in another 
intersecting row, resulting in approximate 
flux closure. In Fig. 2 is an example of such 
a closure configuration. In this way, a 
rather complex pattern of flux-closed dipole 
configuration may be obtained. Since a great 
energy is required to create a free pole, it is. 
probable that actual configurations mostly 
take the form with closed electric flux 


$6. Consequences. 


Our picture can give a natural explanation 
of ‘the occurrance of ‘three successive phase: 
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transitions: cubic->tetragonal—>orthorhombic 
->trigonal, in BaTiO; upon cooling. At high 
temperatures, the configuration of dipoles is 
completely disordered although a strong local 
order exists. As the temperature is lowered, 
a point is reached where a complete order is 
set up in the z-component of the dipole 
moment, the x- and y-components being still 
disordered. The crystal becomes tetragonal. 
Setting up of the order in the z-component and 
the accompanying lattice distortion somewhat 
affects the parameters relating to the x- and 
y-components, but on still lowering the tem- 
perature, another transition takes place and 
the y-component of the dipole moment be- 
comes also ordered. The x-component still 
remains disordered owing to the accompany- 
ing change of parameters. Now the crystal 
is orthorhombic. 

At a still lower temperature, the last 
transition takes place and the x-component 
of the dipole moment becomes also ordered, 
and now the dipoles are completely ordered. 
This is the trigonal phase. 

The above discussion may of course be too 
simple to be of general validity, but the fact 
that the form stable in lower temperature 
has always less randomness and hence less 
entropy than the form stable at higher tem- 
perature is very convincing. 

One consequence of our picture that may 
be verified by experiment is the dielectric 
dispersion in the paraelectric region. The 
current model which assumes a temperature- 
dependent restoring force for the Ti atoms, 
gives a resonance type dispersion with a 
rather low resonance frequency, the resonance 
frequency varying proportionally to TJ7-T-. 
where TJ. is the extrapolated Curie point. 
Our model would give, on the contrary, a 
relaxation type dispersion of some form. 
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Existing data on the dispersion is not suffici- 
ent to decide which of the two models is 
correct. It may also be possible to test the 
correctness of our model by X-ray structure 
analysis. Since the existing result of the 
analysis did not take the disordered structure 
into account, it seems worthwhile to re- 
examine the existing data in the light of the 
new assumption. 


$7. Conclusion 


Starting from an accepted model of barium 
titanate and following purely logical steps, 
we have arrived at a physical picture which 
is unexpectedly similar to the long abandoned 
model due to Mason and Matthias. The 
argument has been throughout qualitative 
and the result has been formulated in a 
rather idealized form, and the author does 
not claim that the current model should be 
completely replaced by the present one. The 
real picture would be something midway 
between the two extremes. Anyway the aim 
of the present note is to suggest the possibility 
of a new viewpoint in the theory of barium 
titanate and to emphasize the importance of 
statistical approach to the ferroelectrics of 
BaTiO; type. A quantitative analysis of the 
model along this line remains still to be done. 

The work was supported by the Grant for 
Scientific Researches from Education Ministry. 


References 


1) W.P. Mason and B.T. Matthias: 
74 (1948) 1622. 

2) A.F. Devonshire: 
1040. 

See Slaten: 

4) W. Kinase and H. Takahasi: 
Japan 10 (1955) 942. 


Phys. Rev. 


Phil. Mag. (7) 40 (1944) 
Phys. Rev. 78 (1950) 748. 


la Rhyseesocs 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 9, SEPTEMBER, 1961 


Internal Magnetic Field in Rare Earth Metals 


By Jun KONDO 
The Institute for Solid State Physics, University of Tokyo, Tokyo 
(Received May 4, 1961) 


The effective magnetic field at nuclei in rare earth metals has been 
calculated. The contribution from the orbital angular momentum of 4f- 
electrons was found to amount to several thousand kilo-oersteds. 


We have calculated the effective magnetic 
field at nuclei in rare earth metals. This 
arises from four sources. 

1. It comes from the magnetic moments 
of all rare each ions except the one whose 
nucleus we are considering. The intensity 
of this field amounts to 10~20 koe. 

2. The s-f interaction may polarize the 
spins of conduction electrons and this may 
result in an effective field at nuclei through 
the hyperfine interaction between conduction 
electrons and nuclei. Inferring from the 
magnitude of this interaction in 3d metals, 
this field may be several hundred _ kilo- 
oersteds. 

3. The spins of inner shell electrons may 
be polarized by the spin moments of 4f elec- 
trons to some extent. This may also results 
in an effective field at nuclei. We can get 
a rough idea about the magnitude of this field 
from the observed values of hyperfine inter- 


actions in ESR experiments of the Gd*** and 
Eut+ ions which have no orbital angular 
momenta. These are around 300 koe. 

4, The orbital angular momenta of 4f elec- 
trons of the ion whose nucleus we are con- 
sidering produce a large amount of magnetic 
field at the nucleus which amounts to several 
thousand kilo-oersteds. Thus in the following 
we shall confine ourselves to this source of 
magnetic field and calculate its magnitude, 
neglecting the first three sources. We shall 
note that the spin angular momenta also 
produce a magnetic field and we shall take 
account of this contribution in the following 
calculation. But we shall find that the 
magnitude of the field from spin angular 
momenta is about one tenth of that from 
orbital angular momenta. 

The Hamiltonian for the nuclear hyperfine 
interaction has been given by A. Abragam 
and M. H. L. Pryce” as follows: 


H=2gnpwps di (h—si)-T/re+3(ri- sini D/ri?}+{e?Q/212I—1)} Sa (114-1)/ri8 —307 - T)2/1i5} 


iy 


where ty and tz are the nuclear and Bohr magnetons, respectively, and gn/J is the magnetic 


moment (in units of nuclear magneton) of the nucleus. 


of the nucleus. 


Q is the electric quadrupole moment 


Except samarium and europium, we may consider only the lowest multiplet 


of the ion, which will be specified by L, S and /. Then the above Hamiltonian can be 


represented by 


A= 2gnpn pal ry JD) +(3e?Q/41( 21-1) } Br) Sis Ah , 


where 


G=2—-gs +E L(L+1\( gs -1)-3(2—g3 { KJ+ D-L(L4+ I)—-S(S + 1)}/2] , 
§r=1+{S(S+)D—-L(IL4+)4+JJ4+DVISH+D , 


§=(21+1—4S)/S(2l-1X21+3\2L—1) 
p=22Sé7 , 


oe 


ee) 


y=(2—-g7-J+L+S +2) J-—L+S+DJ+L—S+1(—J4+ L+S)/A J+ 127+ 1 2J+3) 


—(J+L+S+ 1 J—-L+S\J+L—S\-J+L+S4W/4J2J—-1y(2J+)). 


(7) | 


The sign of 8 depends on whether the shell is less than or more than _half-filled. Ji are | 


defined as follows; 


1690 


1961) 


Internal Magnetic Field in Rare Karth Metals 1691 
Lae KI +N 8 Isle —y 5, JesJylottely 
Ih=JeJet+JeJe , Is=JeJu+JIvJz , (ea) 
I, being defined by similar equations. 
Equation (2) can be written as 
H=AJS-D+B ier fil ; Co 
Table I. 
| geler-*> | Qer-s A ip ® Lon few AJIh e 
: AJd/h Herr 
be tase A-3) (barn A-3) (10-4em~!) (10-4em~!) (Mc/sec) kee) 
Pri4l +145" +360 4300 3600 
Nd!48 — 40? < 44> — 67 ceil 95 4200 
Nd145 — 24.89 < 44° — 44 <0.1 590 4200 
Tb1s9 103¢ 180 3200 4200 
Dy!6! 27.44 83.74 26 O22 590, 7300 
Dy163 39.24 1004 38 0.26 850 7300 
Ho!65 2632 | 56¢ 270 0.05 6500 9000 
Er16? 40> 800? | 42 0.81 | 950 9000 
Tm! TSA oll | —134 2400 7900 
Yb! + 42.09 +300 3200 4200 
Y bli — 58.897 — 85 890 4200 


a@: from ref. (2), 6: from ref. (3), c: from ref. (4), d: from ref. (5), e: from ref. (6), f: from ref. 


(8) and (9), g: from ref. (7). 


In order to obtain the magnitudes of A and 
B, we must know the values of gnl<v-*> and 
Q<r->. We may assume that the 4f wave 
functions in rare earth metals is not very 
different from those in paramagnetic salts, so 
that we may put the values of gpl<r-*> and 
Q<r-*> found in ESR experiments of rare 
earth ions in these salts into the expressions 
of A and B. The values of gnlkr-*> and 
Q<r-» (in units of nuclear magneton x A~* and 
barn x A-’, respectively) from ESR_ experi- 
ments?” are listed in the second and third 
columns of the Table I. In the case of thuli- 
um, there is no resonance data, but gnJ and 
<y-*) have separately been obtained from 
optical data®.®. Then, A and B are given 
in units of 10-‘cm-! in the fourth and fifth 
columns of the table. The resonance frequen- 
cy of NMR experiments at low temperatures 
is given by <J)A/h, when B vanishes. The 
values of JA/h are listed in the sixth column 
of the table in units of Mc/sec. Using the 
published data for nuclear magnetic mo- 
ments® and assuming <j/.=/, we can 
obtain the magnitude of the internal magnetic 
field at the nucleus, which is listed in the 
last column of the table in units of koe. The 


direction of the field is parallel to that of the 
magnetic moment of the ion, because <L> is 
parallel to <J> and so the magnetic: moment 
associated with JZ is parallel to the total 
magnetic moment of the ion. 

The author thanks to Professor K. Yosida 
and Mr. H. Miwa for many suggestions and 
discussions. 
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From the difference in the electrical resistivity change induced by 
quenching between pure Au and Au-Pd solid solutions, the binding energy 
for a vacancy and a solute atom was determined. The rate of decrease 
of quenched-in additional resistivity with decreasing temperature in the 
alloy was more rapid than in the pure metal and the resistivity after 
quenching was smaller than that before quenching in high concentration 


alloys below a certain quenching temperature. 


It was concluded that the 


interaction of a Pd atom and a vacancy in Au-Pd alloys was attractive, 
which formed a contrast with the expectation of Lazarus theory, and an 
additional resistivity by the solute atom was conceled partly by the bind- 


ing of the vacancy. 


§1. 


Excess charge introduced by solute atoms 
interacts with free electrons in the solvent 
metal. This resultant effect is expressed by 
the screening potential around the solute 
atom. 

According to the theory of Mott”, the 
interaction energy between an impurity and 
a neighbouring monovalent ion at a distance 
Yo iS 


Introduction 


Ze 


2 
AE Yo) = exp [ —qro| 


(1) 


0 


Z being the valence difference and q_ the 
screening constant. 

This interaction energy might be an impor- 
tant cause for the electrical resistivity due toa 
solute atom, the formation energy of imper- 
fections and the activation energy or impurity 
diffusion. 

Using the simplified model which has been 
adopted by Lazarus”), in which the change 
in formation energy of a vacancy adjacent 
to the impurity is assumed to be given by 
—4AEc, and the change in energy of motion is 
given by the change in the microscopic (110) 
shear modulus resulting from the perturbation 
AEc, it is concluded that the activation energy 
Q for diffusion of the impurity is changed 
relative to the values for self-diffusion of the 


solvent in the same _ face-centered cubic 
lattice in the way 


@ (impurity) —Q (solvent) = 


~ABr) {1 (q? ret —Sqro—5)} ; (2 ) 


In Ag-Pd alloys the same results would be expected. 


Even by a more improved theory, no change 
in introduced in the essential relation between 
Q(impurity) —Q(solvent) and valence diffe- 
rence. 

These theories are in fairly good agreement 
with the experiment for impurity diffusion in 
silver, but in poor agreement with those for 
that in copper, especially for negative valence 
impurity diffusions. One of the causes for 
this discrepancy is in the use of an over- 
simplified model to calculate the changes in 
formation energy and jump probability for 
a vacancy. Now it is desired to obtain the 
formation energy of a vacancy adjacent to 
the impurity by the other method and to 
compare it with the theoretical value. 

For pure metals, such as Au?®)*) Ag®).® and 
Cu, the formation energies of a vacancy have 
been obtained by the measurements of the 
quenched-in resistivity increase, thermal ex- 
pansion at high temperatures and so on. 
These results are consistent with the self- 
diffusion data. Applying these techniques to 
the alloys of noble metals and comparing the 
results with those for pure noble metals, it 
is expected that the formation energy of a 
vacancy influenced by the alloying element 
is obtained. First of all, the quenching 
method has been tried for its simplicity. 

As the testing materials, silver alloys con- 
taining a element of positive excess valence 
for the solute should be best for comparing 
the results with the diffusion data, but to our 
regret, in these alloys the decrease in the 


electrical resistivity by the evaporation of . 
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solute atoms during the heating was much 
larger than the increase by the formation of 
€xcess vacancies, so that the accuracy of the 
measurements was very poor. For this rea- 
son Au-Pd alloys were selected as a specimens, 
regardless of the lack of impurity diffusion 
study for these combinations. Both alloys 
form the continuous series of solid solution, 
and there are no phases such as a long range 
ordered phase. Pd atom has the valence 
difference of -1 to both solvents. 


$2. Experimental Procedure 


The raw materials for the specimens were 
99.95 % pure Au, 99.95 % pure Ag and 99.5% 
pure Pd. The concentration of Pd in both 
alloys were 1, 2, 3 and 4 weight per cent, and 
the form of the specimens were wires of 0.25 
and 0.4mm diameters, which were obtained 
from Tanaka Kikinzoku K.K. The concent- 
rations of Pd were checked by the X-ray 
measurement of lattice parameters of those 
wires. 


Two kinds of heating method were used, 
one of which was a current-heating method 
and the other was a furnace-heating method. 
‘The former was used for pure Au, Au-1% 
and 2% Pd alloys of two kinds, of wire, and 
the latter for Au-3 %, 4% Pd alloys, pure Ag 
and Ag-Pd alloys of 0.4mm diameter wire. 

The instrument for the current-heating 
method was almost like that used by Bauerle 
and Koehler for pure Au”, but some improve- 
ments were made in heating and quenching 
in the atmospheres of A or He. The gauge 
length was about central 5cm of about 18cm 
length and the temperature was determined 
by measuring its resistance. The quenching 
rate was measured with an oscilloscope to be 
about 2.5x10‘ degrees per second for the 
0.4mm diameter pure Au specimen, and was 
the same as the rate of Bauerle and Koehler. 

The furnace-heating method was _ very 
simple: a specimen, annealed in vacuum at 
about 850°C and slowly cooled, was suspeneded 
in the furnace, and then, after heating about 
2~10 minutes at a certain temperature, was 
dropped into room temperature water. The 
cooling rate in this technique would be 
several times slower than that in the former 
technique. In addition, the specimen migh 
be streched during the setting on the instru- 
ment, Thus the results by this method would 
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have less accuracy than that by the former. 
In the experiment of silver alloys, a virgin 
specimen was used in each quenching to 
avoid the accumulated contamination due to 
oxidation and others, but in gold alloys the 
same specimen was used through a series of 
quenchings. 


§3. Results 


Experimental results for Au and Au alloys 
are shown in Figs. 1 and 2, in which the 
specific resistivity increase and its logarithm 
are plotted respectively versus reciprocal of 
the quenching temperature. 
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Fig. 1. The specific resistivity increase versus 
reciprocal of the quenching temperature in Au 
and Au-Pd alloys, and the calculated curves by 


Eq. (4). 


In pure Au it was found that the resistivity 
increase on quenching could be described by 
the equation 

4o=NA exp (-E/[Rt) (ep 
were Jo is the specific resistivity increase, 
NA is a constant, & is the energy required 
to form a defect, k is the Boltzmann constant 
and T is the quenching temperature. The 
results for the three different specimens fell 
almost on the same line in the semilogarithmic 
plot, and the formation energy is obtained 
as about 0.90 ev, which is a little smaller 
than that by Bauerle and Koehler*) and a 
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little larger than that by Lazarev . and 
Ovcharenko.‘) The value of NA is also obtain- 
ed as about 1x10-* 2-cm. In the case of the 
alloy specimens, as would be expected, the 
experimental data deviated from the straight 
line in the semilogarithmic plot, and the 
deviation increased with increasing Pd con- 
tent. In addition, it was very surprising that 
when the Pd content increased more than 1 %, 
the decrease in the resistivity due to quench- 
ing appeared below a certain temperature, 
the temperature becoming higher with increas- 
ing Pd content, as shown in Fig. 1. In 3 
and 4% alloys there were minima at about 
500°C. 


SOR 
{000 


iQue eel 


Be oe alvageK 10% 

Fig. 2. A semilogarithmic plot of the specific 
resistivity increase versus reciprocal of the 
quenching temperature in Au and Au-2% Pd 
alloy. 


Attempts were made to check some systema- 
tic errors, which might be important, on 2% 
alloy. First of all, to rule out the possibility that 
for the insufficient preannealing the residual 
stress was annealed out during the quench- 
heating, specimen were annealed prior to the 
measurement about 4 hrs. at 850°C in vacuum, 
furnace cooled to room temperature, and then 
set carefully to the measuring instrument. 
In this case the decreases in resistivity were 
about the same amount (Fig. 1). By this 
check a possibility of formation of a short 
range ordered arrangement of solute atoms 
during the quench-heating may also be rule 
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out. Another possible source of the resistivity 
decrease on quenching would be a evapora- 
tion of solute atoms during the quench- 
heating. This effect would not be very large 
as the melting temperature of Pd was high 
enough, but the results were calibrated by 
the measurements “of the resistance of the 
slowly cooled state at the initial, middle and 
final points of one experimental series. 
Finally it was examined whether a change in 
the quenching atmosphere had an influence 
on the amount of resistivity quenched in. 
The quenching in He gas gave about the 
same resistivity as that quenched in A gas, so 
that the influence would be not so large (this 
is also shown in Fig. 1). 
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S Ag-%Pd 


100 
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Fig. 3. A semilogarithmic plot of the resistivity 
increase versus reciprocal of the quenching 
temperature in Ag and Ag-Pd alloy. (the size 
of specimens are about 0.4mm¢X200 mm) 
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The results for Ag and Ag-2% Pd alloy 
are shown in Fig. 3, and the activation energy 


for Ag is about 1.1 ev, which is almost 


identical to the results of Doyama and 
Koehler.» The data on the alloy were not 
so well reproducible mainly due to the con- 
tamination. In spite of this the change of 
quenched-in resistivity with the content of the 
solute element would be of the same type 
with that in Au alloys. The change was 
obtained qualitatively by preliminary ex- 
periments of quenching in air. 
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$4. Discussion 


As seen in the the experimental results, 
the formation energy of a vacancy in the 
pure metal could be obtained directly from 
the gradient of the straight line in Fig. 2, 
but in the alloys some further considerations 
were needed for the analysis of the results, 
for the data deviated from the straight line. 
The characteristic nature in the alloys was 
that the quenched-in resistivity decreased 
with increasing alloy content and became 
negative below a certain temperature. 

In the pure metal all lattice sites are equi- 
valent and it is sufficient to describe the 
quenching resistivity with only one activation 
energy. In the alloys, however, there are 
two kinds of lattice site, that is, one which 
is adjacent to the solute atom and is affected 
by an electrostatic potential of the solute 
atom, and the other which is not affected by 
the solute atom and in which the formation 
energy of a vacancy seems to be equal to that 
in the pure solvent metal. 

The quenched-in resistivity increase may 
be expressed by the following equation, 


Apanoy =NA[(1—12x) exp {—E/kT} 
+(B/A)-12x exp{—(E+4E)/kT}] (4) 


where the difference of the formation energy 
of a vacancy in the free site from that in 
the adjacent site is described as JE, N is the 
total number of lattice sites in the unit volume, 
x is the atomic content of solute atoms and 
A and B are, respectively, the resistivity 
increase due to one vacancy in the free and 
the adjacent lattics sites. 

In Eq. (4) some assumptions are made: first 
the region in which the formation energy of 
a vacancy is influenced by the solute atoms 
is restricted to the nearest neighbour site, 
second the solute atoms are dispersed per- 
fectly at random, because the probability of 
a Pd atom pair may be negligible until the 
4 % alloy, and third the quenched-in vacancy 
is retained in the specimen perfecly during 
the quenching, or the rate of escape of the 
vacancies is equal in both sites. 

There are some questions in the first 
assumption. The calculation of screening 
potential of an solute atom in a dilute solution 
shows” that it is concentrated around the 
solute atom, so the influence on the next- 
nearest neighbour lattice site can be neglect- 
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ed, which may justify our assumption. But 
when the concentration of solute atoms be- 
comes large the mutual interference between 
solute atoms may not be neglected, and the 
form of the screening potential should be 
deformed. When the deformation occurs, we 
cannot assert that the effect of the solute 
atom on the next-nearest neighbour site is 
negligibly small. However, for the simplifi- 
cation of our qualitative discussion the first 
assumption is adopted. 

The values of B/A and JE are determined, 
independent to the values of A and E, in such 
a way that the calculated values of the tem- 
peratures at which Joanoy is equal to zero 
have a best agreement with the measured 
values of those for four kinds of alloy. The 
values B/A and 4E are —6.5x10-* and —0.85 
ev, respectively. Then, using those values 
the values NA and E in Eq. (4) are de- 
termined as 2.3x10-4 2-cm and 0.87 ev The 
calculated and the measured values of Jeanoy 
make a qualitatively good fit in the alloy, the 
calculated curves being shown in Fig. 1 as 
the full line. The calculated curve can also 
explain the fact that Josoy have a minimum 
in the 4% alloy at about 500°C. 

Because of the less accuracy, especially in 
high concentration alloys, the reliability about 
the numerical results are poor. But it should 
seem to be sure that 4E had the large nega- 
tive value and B had the small negative 
value. 

The fact that 4E has the negative value 
forms a striking contrast with that expected 
from the diffusion data. Moreover, the other 
important result is that the coefficient B 
has the negative value. This means that 
the increasing of resistivity with the solute 
atoms which have a negative valence in the 
monovalent metal can be canceled by the 
binding of the vacancy or other imperfections 
to the solute atom. In the case when the 
solute atoms have a positive valence differen- 
ce, i. e. Zn, Ga and Ge in Cu, such cancel 
out effect due to the binding with a vacancy 
may be theoretically expected. But when 
the solute is a transition element, the effect 
can not be easily understood for the existence 
of defect 3d electrons. We have known from 
the calculations by Seeger and Bross* and 
Sugiyama ® that the formation energy and 
the contribution to the electrical resistivity 
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for the pair vacancy are smaller than two 
times of them for the single vacancy. So it 
may be possible to explain our results by the 
model that one vacancy in the pair is replaced 
by the negatively charged solute atom and 
in this pair the wave functions of electrons 
may deform to exhibit a scattering to the 
conduction electrons. 

Similer experimental result showing the 
attractive interaction between a solute atom 
and a vacancy have been reported in a Al-Cu 
alloy be Kimura etal,’ and the decreasing 
of the resistivity after quenching have also 
obtained in Cu-Al alloy.'” 

In our results the value of 4E is unexpect- 
edly large, so it is desired to obtain the density 
of vacancies by other methods, such as the 
thermal expansion method, and compare it 
with the results by the quenched-in resistivity 
method. Because there are two parameters 
to be determined, B and JE, in the latter. 

About the silver alloys the exact experi- 
mental results on high concentration alloys 
could not be obtained, however, from the 
preliminary tests on 4 and 6% alloys it may 
be expected that the formation energy and 
the contribution of vacancies adjacent to 
solute atoms in the electrical resistivity are 
similar to those in Au-Pd alloys. 

In order to make certainty of our conclu- 
sions that the origin of the quenched in resis- 
tivity change is the quenched-in vacancies of 
both kinds, one of which are in the free 
lattice sites and the other of which are in the 
adjacent lattice sites to the impurity ions, it 
is desired to make recovery experiments on 
these alloys. The recovery experiments on 
Au-2% Pd alloy at about 90°C has been 
insufficient to a quantitative discussion, but 
two qualitative results was obtaind. First, 
the rate of the recovery of the resistivity in 
the alloy was slower than in pure Au for the 
quenching from about 850°C. Second, the 
negative quenched-in resistivity that appeared 
in quenching from 650°C had to tendency to 
recover to the initial zero value. 

There will be many causes to hinder the 
recovery of vacancies, i. e. increasing of the 
migration energy of the vacancy, decreasing 
of the number of sink sites, et al. The fact 
that the value of NA from the pure Au is 
smaller than that from the alloys can be ex- 
plained by the assumption that more free 
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vacancies are retained in alloys mainly 
because the escape of vacancies is obstructed 
by solute atoms. This fact also explains the 
first result. But the other explanation can 
be also possible, that is, decreasing of the 
resistivity by the disappearence of free 
vacancies is partly.canceled with increasing 
of it by the disappearance of the trapped 
vacancies. To decide on a definite conclusion 
it is desired to determine the migration ener- 
gies of free and trapped vacancies, but there 
will be may difficulties to determine those 
because many ~complex factors should be 
analysed. The second result will mean that 
the origin of negative resistivity may no be 
something like precipitation but may be im- 
perfections, especially vacancies, and this 
will support our conclusions. 


§5. Conclusions 


It was found that the difference of the 
quenched-in resistivity increase between Au 
and Au-Pd alloys was remarkable, and it had 
a certain relation with the concentration of 
solute atom. The resistivity increase in alloys 
could be described qualitatively with two 
activation energies. The difference between 
two energies, 4E, would mean the change in 
formation energy of a vacancy at the lattice 
site adjacent to the solute atom. The obtain- 
ed value of JE in Au-Pd alloys was negative 
and unexpectedly large. Moreover, the in- 
crease of resistivity with the solute atoms 
must have canceled by the binding with a 
vacancy. 

Unfortunately the measurement is much 
more difficult for alloys than for pure metals. 
For quantitative discussions it would be 
necessary to obtain more careful and accurate 
results. And it has been very much desired 
to obtain the value 4E by other method 
for the comparison with the results by the 
resistivity method. 

The author wish to express his hearty 
thanks to Dr. Y. Takagi for his interest and 
encouragement in this work, and Drs. N. Ku- 
nitomi and H. Suzuki for their encourage- 
ment and valuable discussions. His thanks 
is also to Miss S. Kimura for her continued 
assistance in this work. 
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The temperature dependence of magnetization of polycrystalline hematite 
(«Fe,03) which contains several per cent of foreign atoms (Al, Mn, Ga 
and Cr) was measured at various field strengths. The results were 
analyzed into so-called parasitic magnetic moment oo and susceptibility 
term X,. It has been found that the parasitic nature of o» is not influ- 
enced severely by the addition of foreign atoms but the transition tem- 
perature is lowered in general and the step transition in oo vs tempera- 
ture curve becomes gradual. 

The residual magnetization was measured with an astatic magneto- 


meter. 


It was found that the memory effect (in the ratio of the residual 


magnetization between before and after cooling treatment) is little affected 


by the addition of foreign atoms or by change in oxidation. 


The residual 


magnetization decreased by about 50% at the first cooling-heating cycle, 
but is maintained completely in following cycles. 


§1. Introduction 


Hematite (aFe,0;) is an antiferromagnet, it 
is accompanied by a weak ferromagnetism, 
which is called “ parasitic ferromagnetism ”, 
above the transition temperature (—15°C). It 
is known from studies by neutron diffraction” 
that the spins lie in the basal plane (111) above 
the transition temperature and below it the 
spin direction is parallel to the [111] direction. 
In order to explain the parasitic ferromagne- 
tism, many studies have been made and 
several mechanisms have been _ proposed. 
These proposed mechanisms can be classified 
into two: the “homogeneous” theory and the 
“inhomogeneous” theory. According to the 
inhomogeneous theory, this parasitic ferro- 


magnetism is thought to have its origin in 
the magnetic moment of some other phase 
(yFe2O2 etc.) or imperfectly compensated 
magnetic moments of the sublattices originat- 
ing in irregularities of spin alignment around 
the impurity atoms or lattice imperfection”:*). 
On the other hand, the homogeneous theory 
ascribes this phenomenon to an intrinsic nature 
of the crystal structure. Dzyaloshinsky* has 
pointed out that the low symmetry of the 
atomic arrangement in this rhombohedral anti- 
ferromagnet should result in a spin canting 
when the spins lie in the basal plane and that 
this atomistic canting is the origin of the 
parasitic ferromagnetism. An _ semi-quan- 
titative theory of this spin canting has been 
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presented by Moriya®. According to this 
theory, there exists between spins of © the 
magnetic ions the anisotropic interaction, in 
additions to the ordinary super-exchange 
interaction, that causes spin canting, as the 
crystal symmetry is so low and’ the orbital 
moment of the magnetic ions is not completely 
quenched. Although there are several un- 
known factors, the main feature of the parasitic 
ferromagnetism is explained by this homo- 
geneous theory. 

In a previous paper®, we have reported our 
study of the influence of oxidation and reduc- 
tion on this parasitic ferromagnetism; it. was 
found that the origin of this weak ferro- 
magnetism was not the same for the isotropic 
part and for the anisotropic part. The iso- 
tropic part (after Néel) remains below the 
transition temperature of —15°C, but the 
other part disappears completely at this point 
on cooling down. Since the isotropic part 
largely changed with the progress of oxidation 
or reduction and became almost zero by a 
proper heat treatment, we are led to believe 
that the origin of this part is due to the 
non-stoichiometry of aFe:O:. The anisotropic 
part, however, did not change by these treat- 
ments; therefore this part is certainly due to 
Dzyaloshinsky’s mechanism, i.e., it should be 
explained by the homogeneous theory. 

In the present work, we have studied the 
effect of the substitution of cations and the 
memory phenomenon. Regarding the sub- 
stitution effect, Haigh” has already studied 
the influence of the addition of Ti and Al on 
the residual magnetization of aFe:Os. 


§2. Experimental Procedures 


Specimens 

The weighed electrolytic iron* and another 
metal (Al, Mn, Ga or Cr) were dissolved sepa- 
rately in nitric acid. However, as Ga was not 
dissolved easily, a small amount of sulfuric 
acid was added in this case. The solutions 
were mixed with a desired proportion and the 
mixture was dried by infrarred-ray lamp. 


* In the course of the present study we once 
prepared aFe,0; from carbonyl iron of commercial 
grad and found that this aFe,O; showed a high 
isotropic term (~0.4 emu/g). In natural crystals, 
we also found frequently the same character. But 
when we prepared aFe,O3; from spectroscopically 
pure iron (Johnson-Mathey Co.) or from electrolytic 
iron, there was no such term. 
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Then the dried oxide was ground, densely 
packed into a platinum crucible, heated to 
1000°C and kept for 3 hours in air. The 
specimens that contained manganese were 
kept at 800°C for 24 hours in air to eliminate 
the presence of Mn?+ ions. By these pro- 
cedures, polycrystalline specimens containing 
1,2 and 4 at. % concentration of each added 
element were prepared. 


Magnetic measurements 
The magnetic measurements were made 
with a magnetic balance automatically con- 
trolled®. The magnetization of aFe2Os: is 
expressed by 
o=0.+7H ’ ( 1 ) 
where o is the saturation magnetization of 
the so-called parasitic ferromagnetism and 
is the susceptibility. These two terms are 
functions of temperature. In order to sepa- 
rate these two terms at a given temperature, 
the magnetization was measured at three dif- 
ferent field strengths, i.e. 4.80, 8.80 and 13.36 
KOe. The temperature measurements were 
made with a copper-constantan thermocouple 
which was inserted into the powdered sample. 


13.36 ko 


a eet 
-|50 -100 -50 fo) 50 
Fig. 1. Magnetization vs temperature curves of 


aFe,O3; added with 1% Cr, at three different 
field strengths. 


Since the temperature was not maintained 
constant during the magnetization measure- 
ments at the three different field strengths, 
the separation of o) and y was made by using 
the curves that are shown in Fig. 1. Strictly 
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speaking, the linear relation between field 
strength and magnetization does not hold 
exactly, especially above the transition tem- 
perature. In the present work, however, we 
have disregarded this effect. 

An astatic magnetometer, which was used 
to measure the residual magnetization, con- 
sists of two 5mm length magnets suspended 
15cm apart in opposit directions and a fine 
phosphor-bronze wire suspending the two 
magnet system. The terrestrial magnetic 
field at the magnetometer was compensated 
by a pair of Helmholtz coils. Our experi- 
mental procedure was as follows: at first, a 
specimen was magnetized in a strong field 
(~30 KOe) at room temperature, and the 
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Fig. 2. Parasitic ferromagnetism oo and suscepti- 
bility X¥, vs temperature curves of aFe,O; that 
contain foreign atoms of 1, 2 and 4% with 


respect to iron atoms. 


residual magnetization of the specimen was 
measured. Then the specimen was cooled 
down through the transition temperature, and 
after the temperature recovered to room tem- 


perature, the magnetization was measured 
again. 
§ 3. Experimental Results 


Fig. 2 shows the experimental results. We 
notice that the transition temperature decre- 
ases in all cases, especially in the case of Cr, 
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Above the transition temperature, the values 
of a) are almost the same, except for’ the 
case of 4% Mn, and below it they become 
almost zero. This means that the isotropic 
part of o is zero in almost all cases, except 
when Mn or Ga is added to 4%, in which 
case this isotropic part appears slightly. The 
susceptibility ~, shows corresponding variation 
to that of a), and in each case the transition 
temperature of x, is nearly equal to that of 
do. In the case of Al, each y,vsT curve 
shows a maximum at the transition tempera- 
ture. 

The Néel temperature was measured with 
the same magnetic balance that was used for 
magnetization measurements. Fig. 3 shows 
the Néel temperature as a function of the 
concentration of foreign atoms. In all cases, 
the Néel temperature decreases by the addi- 
tion of foreign atoms and, except in the case 
of Cr, decrement of the Néel temperature 
appears to be saturated by 1 or 2 at. % addi- 
tion, 
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Néel Temperatures 
Fig. 3. Variation of Néel temperature of aFe.O; 


when foreign atoms are added with several per 
cent with respect to iron atoms. 
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In Fig. 4, the ratio of the residual magneti- 
zation before and after the cooling treatment 
is shown. According to this result, memory 
of the residual magnetization does not depend 
on the addition of foreign atoms nor on oxida- 
tion. Fig. 5 shows the effect of repetition of 
cooling treatments. - It is a very interesting 
fact that, except for the first cooling-heating 
cycle, the ratio of the residual magnetization 
of the mth cycle to the (m+1)th cycle is 
nearly 100 %. 
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Fig. 4. Residual magnetization of aFe,O3 at room 
temperature after a cooling-heating cycle vs 
concentration of foreign atoms and oxidation. 
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Fig. 5. Residual magnetization of polycrystalline 


aFe,O3 at room temperature after cooling-heat- 
ing cycles. 


$4. Discussion of the Results 


By the present study it has become clear 
that, when a small amount of foreign atoms 
is added, the absolute value of o) does not 
change appreciably, while the transition tem- 
perature of o) decreases considerably. The 
former fact can be understood easily as a 
confirmation that the anisotropic parasitic fer- 
romagnetism is not caused by impurity atoms, 
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However, it is not easy to understand the 
latter fact, if we assume that this change of 
easy axis from within the basal plane to along 
the c-axis is due to the difference in tempera- 
ture variation of the two distinguished 
mechanisms for the anisotropy energy of this 
crystal. The competition between the one-ion 
type anisotropy energy of Fe*+ due to the 
crystalline field, and the magnetostatic dipole- 
dipole interaction between Fe?*+ ions will lead 
to an increase of the transition temperature 
when a small amount of Fe** ions are sub- 
stituted by foreign non-magnetic ions. It is 
a simple conclusion that the one-ion type 
anisotropy energy decreases linearly with the 
concentration of Fe**+ ions, whereas the dipole- 
dipole interaction energy decreases quad- 
ratically. If we denote the corresponding 
energy differences between the two spin 
orientations as Eeryst(T, x) and Eaip(T, x), then 


| Ecryst (1, 0)|<| Eaip(T, 0)| when T>T;, (2) 
| Feryst (LT, 0) |=| Eaip(T, 0)| at T=T,,. (3) 
and 
| Ecryst (1; 0)|>| Eaip(T, 0)| when T<7T;. (4) 
On the other hand, when x<<1. 
Bevyst (TL, %)=Eecryst (T, 0) (A—x) , (iS) 
Eaip( T, x)=Eaip(T, 0) (1—x)? 

= Haip( 7,0) (1—2x%+x?) , (6) 
Somthateoneik—= lep> Tecan Es 
| Eeryst (Ti, x) |>|Edip(T: x,)| . oe) 


In the case of Al, as shown in Fig. 2, each 
¥q vs T curves shows a maximum at the transi- 
tion temperature. Although there is some 
possibility that errors in the temperature 
measurement introduced a considerable effect 
on the analyzed curve in the transition tem- 
perature region, this maximum seems to be a 
little more pronounced than being due to such 
possible experimental errors. It is suggested 
that in this system presence of the field 
induced rotation of the spin axis of antifer- 
romagnet might be the possible origin of this 
maximum. It is also possible for all cases 
that, in a certain narrow range of tempera- 
ture at the transition, the easy axis of spin 
lies in a certain direction which is between 
the c-axis and c-plane”. 

It might be very probable that, in the case 
of Cr, the magnetic interactions of Cr would 
introduce a large effect on the decrease of 
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the transition temperature. But, as shown 
in Fig. 3, no peculiarities are found in the 
decreasing behavior of the Néel temperature 
for Cr. In the case of Mn, the presence of 
Jahn-Teller effect of Mn*+ ion might be ex- 
pected. But we cannot find any peculiarities 
in Fig. 2. Further, the isotropic part which 
appears in the case of 4% Ga is not under- 
stood. 

It is noted that, in all the cases, the addi- 
tion of foreign atoms not only decreases the 
transition temperature, but also makes the 
transition gradual. Although, in general, it 
is thought that the existence of impurities 
make a sharp phase transition gradual, this 
is not expected a priori. We have made a 
short statistical calculation for this impurity 
effect. In the calculation we have assumed 
a distribution of small regions each of which 
is affected by the presence of impurity atoms 
and have a lower transition temperature. It 
is also assumed that the size of each region 
is a constant and the variation in population 
of impurity atoms in each region is statistical. 
Then, for the case of Cr, the calculation gives 
a value of 200 atoms (5 atomic distance) by 
which the three experimental curves with 
different impurity content are represented 
adequately. However, in other cases, this 
calculation can not reach a self-consistent 
result. 

The memory phenomenon is another inter- 
esting feature of aFe.O3. It has been known 
for polycrystalline specimens that the residual 
magnetization, which has temporarily disap- 
peared by cooling, recovers to 50% of the 
initial value after heating. It has also been 
ascertained that the direction of the magneti- 
zation is unchanged. In the present work, 
we have found that the memory amount does 
not depend on the presence of impurity atoms 
nor on the change of oxidization and that, 
when the cooling-heating cycles are repeated, 
the memory amount is always almost 100%", 
except for the first one cycle. The first fact 
indicate that the memory does not depend 
on the amount of impurity atoms nor on lat- 
tice imperfections. In other words, the origin 
of this memory phenomenon seems to be 
purely intrinsic rather than due to inhomo- 
geneities. As this concept is consistent with 
the second fact, we are led to think that there 
is a tight correlation between the phases of 
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the states above and below the transition 
temperature and that, when the spin changes 
its direction, there must be a reversible route 
of the transition by which the phase of the 
spin states is conserved. In a_ previous 
paper, Siratori and the present authors have 
already offered a possible mechanism of this 
tight correlation based on the presence of a 
trigonal symmetry anisotropy energy of the 
crystal and assuming tentatively the presence 
of another uniaxial type anisotropy energy. 

Quite recently, an interesting character of 
this memory phenomenon has been discovered 
by Akimoto et al”). When the specimen was 
cooled odd times, the amount of memorized 
residual magnetization was larger (more than 
by 10%) than when it was cooled even times, 
except after the first one cycle. This effect 
was found to become eminent when the speci- 
men is magnetized in a weak magnetic field. 
Such a tendency has been also recognized in 
our measurement, but we have not studied 
it in detail nor have we any good explanation 
for this effect. 

It is hoped that more precise and funda- 
mental measurements are performed on single 
crystals. It should be added that our measure- 
ments of torque performed on well-selected 
natural single crystals (which have almost 
zero isotropic part) have given the presence 
of a uniaxial anisotropy of ~40 dyne-cm/gr., 
aS a primary anisotropy in the (111) plane. 
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Although we have tried to make a synthetic 
single crystal large enough for the torque 
measurements, we have yet been unsuccess- 
ful*. The effect of Fe‘t is now being studied 
by using an oxygen pressure of 1000 Kg/cm?. 
The results will be published shortly. 
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With use of Peterlin and Mizutani’s light scattering function P(@), a 
simple method has been developed to determine the mean square end-to- 
end distance <72>. Following Peterlin and Mizutani, <r? is assumed to 
be proportional to N’, where N is the degree of polymerization and 
y is a parameter. Obtained values of <72> are (5.53)2X10-16N1.15, (42.51)? 
x10-16N°.70, and (6.39)2?x10-16N1.11 for polystyrene in toluene, in 
methylethylketone and in cyclohexane solutions, respectively. These 
results suggest that the excluded volume of chain elements and the 
interaction between the polymer and the solvent are important factors to 
determine the extension of polymer molecules in both good and poor 


solvents. 
given. 


$1. Introduction 

Recently, several theories have been de- 
veloped on the high polymer solution taking 
into account of the excluded volume effect of 
the chain element and the interaction between 
the elements and the solvents”. These theo- 
ries give expressions for the molecular exten- 
sion of high polymer, which are somewhat 
different from that derived on the basis of 
the random flight theory. In order to examine 
the significance of this difference, experiments 
have been carried out to obtain informations 
of the molecular extension. 

The light scattering measurement seems to 
be one of the most powerful tools to investi- 
gate the molecular extension or the mean 
square end-to-end distance <v?>. Debye and 
Zimm” first gave an expression for the light 
scattering function, P(#), on the basis of the 
random flight theory and determined <r*> 
experimentally. Peterlin?) and Mizutani” (ab- 
breviated as P-M below) independently pro- 
posed the same expression for P(@) consider- 
ing the recent development of the theories 
on the high polymer solution. Although ex- 
pressions which are more accurate than that 
of P-M have been given by several authors’).”, 
it is very laborious to determine <rv?> using 
them, as seen in the work of Hyde et al®. 
Therefore, P-M expression will be used 
throughout in the present work. In the next 
section it will be shown that P-M expression 


Brief discussions on the polydispersity of the system are also 


of P(@) is especially suitable for the present 
approximate method of calculation. In sec- 
tions 3 and 4 experimental procedures and 
results will be given. In section 5, the con- 
dition will be given, under which our method 
gives as good results as others. The poly- 
dispersity will also be discussed. 


§2. Method of Determining the Parameters 

By changing some of the notations, P-M 
expression for the mean square end-to-end 
distance <v?> and the scattering function P(@) 
of a linear molecule can be rewritten as 


KPIs, 
PO)=2/N\"—ZIN) exp (—uCrZ?) dZ . 

0 
(2) 
Here WN is the degree of polymerization, 7 and 
Cz parameters, and w=(82?/3/?) sin? 0/2, a be- 
ing the wave length of the light in the sol- 
vent, @ the angle between the primary and 
scattered beams. The relation between the 
intensity of the scattered light (@) and P(4) 

is first given by Zimm”: 

TO/C=KMP(041—2A:MP(A)C} , 
where M is the molecular weight of the solute, 
A: the second virial coefficient, C the con- 
centration and K the proportionality constant. 
As seen in Eq. (1), we can estimat <r?) 
from y and Cz. In the following it will be 
discussed how to determine y and C: by the 


(1) 


(3) 
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experimental observation of P(@). 
Expanding Eq. (2) and then integrating it, 
we obtain the following result 
IA@)=i\ 
—(2uC2.N7/1! {17 +1) —V7+2)} 
+ (2u?C22N 27/2! KX 1/(27 +1)—-1f(27+2)} 
—(2u3C23N 27/3! {1/(37 + 1) —1/(87 +2)} 
+ (2u'CotN*1/4! {1/47 +1)—1(47 +2)}—- +: . 
(4) 
As an approximation, those terms with higher 
power than uw? are neglected and Eq. (4) is 
rewritten as 
P(@)=1—{2BC2N7/(7 + (7 +2)}U 
+B GN 227 aL e7 RU FOB) 
where B=8xr"/322, U=sin?0/2." In Eqi'(5), the 
second and third terms show the initial slope 
and the curvature of P(@) plotted against U, 
respectively. Using these two quantities the 
the parameters are determined in the follow- 
ing manner. The initial slope Ai is given by 
Ki=2BC2N% (7 +17 +2) . (6) 
Hence 
Co= 7 DG -EZV2ZBNY. The) 
With the aid of Eq. (7), Eq. (1) can be re- 
written as 
{r*)=C.NY=Kily +17 +2)/2B . 


Let us now consider a region where the curve 
begins to depart from the initial slope but is 
negligibly affected by the U* term. This 
curvature is determined by the coefficient of 
the third term in Eq. (5), which is expressed 
as 


(8) 


K2=B*C N27 +1)(274+2) . (9) 


Eqs. (6) and (9) give the following equation 
for 7 


y2+57?+(8—16X )y +4—8X=0 , (10) 

where 
X=K2/K:? . (11) 
Eq. (10) has three roots for 7, of which the 


positive one has a physical significance. It 
is easy to prove Eq. (10) has a positive root 
only if 

K/h. (12) 
With the aid of obtained value of 7, we can 
calculate C, and <r*> using Eqs. (7) and (8). 
Then Eq. (10) can be rewritten as 


X=(7 +17 +2)/8(27 +1) , (13) 
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which means that X does not depend on N. 
The algebraic equation for 7 as given by Eq. 
(10) is quite simple. This comes from the 
present use of an approximate equation of 
P-M expression of P(@). 


§3. Apparatus and Experimental Procedure 


The light scattering apparatus similar to 
Brice’s photometer? has been constructed. 
Slit systems for incident and scattered light 
have been designed considering Hermans’ 
factor. A high pressure mercury lamp and 
a solution filter gave satisfactorily monochro- 
matic light of wave length of 4358 A°%. The 
sample solution in a cylindrical cell was held 
on a black copper plate which was kept at a 
constant temperature (++0.2°C) by circulating 
water. The accuracy in the measurement of 
the relative intensity of the scattered light 
in the angular range from 35° to 145° was 
checked using the #@ dependence of the in- 


tensities of toluene and cyclohexane. Fig. 1 
Oo 
iS 
FE 
=) 
= TOLUENE AT 30°C 
aa eos pie es Th oa 
< Ol 
= CYCLOHEXANE AT 35°C 
ae Oo a s—* Sy ae aa oo 
S SOnmCO>  GOmallOw ISOne 6 
Fig. 1. Intensity of scattered light obtained for 


toluene and cyclohexane. 


shows intensities of the scattered light from 
these liquids. The dissymmetry coefficients 
Z calculated from these data are 1.01 and 
1.00, respectively. These results suggest 
reliability of our apparatus. Commercial 
polystyrene was fractionated twice by the 
precipitation method and divided into thirty 
fractions. Three fractions were chosen from 
these thirty and used as the solute. Toluene, 
methylethylketone (M.E.K.) and cyclohexane 
were used as the solvents, which were puri- 
fied by the usual method. Polystyrene solu- 
tions of various concentrations were made by 
diluting the mother solution, which was 0.5¢ 
solute per 100 cc for each solvent and were 
stirred for about eight hours at 50°C. The 
diluted solutions were further stirred for 
about one hour at room temperature and then 
freed from dust by repeating filtration four 
and five times with the sintered glass filter 
of No. 4. For the system of polystyrene in 
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cyclohexane, the solution was stirred once 
again for about one hour at 35°C immediately 
before the measurement. The measurements 
of the scattered light were made at 30°C for 


Table I. Reciprocal reduced intensities C/J(6). 
Polystyrene F. 1-2 at 30°C 
in toluene 
concentration 0.2% | 0.05% 
sin? 9/2 ’ 
0.12 1.28 0.74 
0.20 | 1.34 0.78 
0.30 1.42 0.87 
0.40 1.49 0.94 
0.50 1.60 102 
0.60 1.67 1.10 
0.70 1.70 ilsaly/ 
in M.E.K. 
Orta 0.09% | 0.05% 
sinz6/2 | 
1.47 | 1223 
1.61 1232) 1.08 
ZZ 1.47 1.24 
1.82 1.58 135 
1.97 1.70 1.47 
2.05 1.79 1.59 
Polystyrene F. 7-1 in toluene at 30°C 
concentration 0.2% 0.075% 
sin? 9/2 | 
0.12 1.64 1.14 
0.20 1.62 10s 
0.30 1.70 1.19 
0.40 abr BE 
0.50 > 1.28 
0.60 1.78 iL aes! 
0.70 1.78 | Les 


Polystyrene F. 1-3 in cyclohexane at 35°C 


0.1% 


concentration | 08322 0.2% 
sin? 9/2 

ORtZ 1.26 25 1.26 
0.15 ib AD) 

0.20 eZ E32 1.28 
0.30 1.41 1.40 1.41 
0.40 1.50 Tsay? 1.50 
0.50 1.60 1.59 1.58 
0.60 1.70 1.69 1.70 


x 
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toluene and M.E.K. solutions and at 35°C for 
cyclohexane solution. Toluene, M.E.K. and 
cyclohexane solvents are examples of good, 
poor and 9 solvents, respectively. Benzene 
was used as the scattering standard to reduce 
the measured relative intensity of the scatter- 
ed light into the absolute intensity. 


§4. Results 


Results of the present light scattering 
measurements of three fractions are given 
in Table I and an example of Zimm plot! is 
shown in Fig. 2, in which P(@#) vs. U and 
1/P(@) vs. U’ relations were obtained from 
Zimm plot. The initial slope AK: was deter- 
mined by use of these curves. The absolute 
values of initial slopes of both curves should 
theoretically coincide. Here K: was deter- 
mined by the plot of P(@)—(1—KiU) vs. U’, 


C/I 
20 


© 01 02 03 04 05 06 OF O8 09 10 
SIN*6/2 +100 C 
Fig. 2. Light scattering data for polystyrene F. 
1-3 in cyclohexane at 35°C. 


of which the initial slope is Aye itself. The 
values of 7 and C2 were obtained from Eqs. 
(7) and (10). The molecular weight M and 
thus the degree of polymerization N were 
determined from Zimm plot of Eq. (3). The 
values of the refractive index increment, 
dn/oC, which were necessary to determine K 
in Eq. (3), were taken from other articles". 
Thus, the molecular extension in the solution 
was determined from Eg. (1). Results are 
given in Table II, in which the values calcu- 
lated from Zimm’s data!” are also shown. For 
comparison, <v*>, and the square of charac- 
teristic length, b:, which were obtained from 
Zimm’s expression for P(@)? are also given. 
(Eq. (2) can be reduced to Zimm’s P(@) by 
putting y=1 and C2=2:.) 


§5. Discussion 


The coefficients Ki and A: (cf. Eqs. (6) and 
(9)) have been determined using the slope 
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Table II. Summary of the obtained values. 
Pol a rene: e i ' <r2>1/2 C.1/2 <r2>gl2 | 1/2 —8 
Sein Nx 108 Ki Ke xX i | S10 35 eo LO 10-8 be x10 
—— -< —— ————_— —— — a el Ss = = i gi _ ae a = 
F. L2etoluene | 95.7 | 1.483 | ~1.656| 0.807 | 1.147] 1869.2 | 5.53) 1761.0_| 10.99 
| | | 
F. Zagtoluene | 0.23 | 0.400 | 0.133 | 0.833 | 2.620] 1553.6 | 0.06 | 930.6 | 19.32 
| | . | 
RT-H-toluene® | Sod nr279100 | 11485 
Bra vena 38.9 | 3.60 |_.8.75.q| 0,289) 2680.0** | 10.7%# 
| | eee. St (Pee 
eee ee it : ao 
| | 
F.12-MEK. | 95.7 | 1.370| 0.808] 0.646| 0.700| 1510.0 | 42.51) 1720.0 | 10.73 
Ep-2-M.E.K.* | 866.7 10.12 
at 67°C 7.32 | 0.347 828.0% | 7.30% 
F. 1-3.-cyclohe- | i 
Pe ese 13.0 | 0.640] 0.325] 0.793] 1.111 | 1281.4 | 6.39] 1177.0 | 10.0 
RTHMEK* | | | | | eh 
(89%)-2-propanol | 38.9 | 1.670 1.896 0.680 0.805 1746.6 24.94 1901-0, | 2.88 
(11%) at 20°C | | | | | 


*: From Zimm’s data!!). 
2K. 


The value cited from the Table in Zimm’s articlel!). 
In the last two columns our values calculated from Zimm’s P(@)?) (see section (1)) are given. 


be, 


square of a characteristic length of chain, is equal to C,; when ;=1. 


and curvature of P(@) in the vicinity of 0~0. 
In general, the accuracy in measurement of 
the small angle scattering is poorer than that 
of the large angle scattering. We could, 
however, obtain very good linear relations 
both for P(@) vs. U and P(@)—(1—K1U ) vs. U? 
curves. The relative errors in both Ki and Ke 
seem to be of the order of ~5%. Also the 
present method has been checked by using 
Zimm’s data and the values of <7?)> which 
are very close to those reported by Zimm 
has been obtained as shown in Table II. 

The fundamental assumptions in the deri- 
vation of P-M’s P(@) are that the solution 
is mon-branched, monodispersed system. 
‘These are the reason why we chose very 
well fractionated polystyrene, which was ex- 
pected to have no branches”)."). There ap- 
pears, however, to be some effect due to 
‘small polydispersity such as will be discussed 
below. According to Flory’s interpretation™, 
the parameter 7 expresses the long-range 
effect on <r?> while C2 is closely related to 
the short-range effect. The deviation of 7 
from unity is expected to be positive in good 
solvents, negative in poor solvents and zero 
in © solvent”.©. On the other hand, C2 is 
large if the solvent is poor and high polymer 
is stiff, while it is small if the solvent is 
good and high polymer is flexible. 


Further discussions will be given on these 
parameters and <v*> for our examples of good, 
poor and @ solvents. Toluene was studied 
as an example of good solvent. As seen in 
Table II, the values of 7 are larger than unity 
in both the F. 1-2 and F. 7-1 solutions as 
expected. The values, however, are not the 
same in both cases. This seems to come 
from the fact that 7 depends on a molecular 
weight distribution as seen in Appendix. 
The values of 7 and C2 of F. 1-2 seem to be 
reasonable. The value of 7 is in good agree- 
ment with that obtained from the well frac- 
tionated samples of polymethylmethacrylate 
in acetone solution by Cantow and Schulz!® 
and the rather small value of C2 suggests 


P(@) 
iKe) 


| 


Fig. 3. Experimental values of light scattering 
intensity in comparison with calculated light 
scattering functions for polystyrene F. 1-2 in 
toluene'at 30°C. °()?0y=1))(2)2) 7=1:15, 1): 
Experimental. 
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that the polymer is flexible. <7?>1/? is about 


10% larger than <r?>/? calculated from 
Zimm’s P(@). Fig. 3 shows experimentally 


determined P(#) curve in comparison with 
P-M’s P(@) and Zimm’s P(6) calculated from 
with use of the parameters in Table II. P-M’s 
P(@) gives much better agreement with ex- 
perimental P(@#) than Zimm’s P(@). In F. 
7-1, y is rather large and C: is too small. 
Probably these rather unreasonable values 
are caused by the fact that the solution was 
‘actually polydispersed and by the experi- 
mental errors in determining the molecular 
weight. In the calculation of 7 of RT.H- 
toluene at 20°C it'was turned out that: x4 
‘does not satisfy the condition of Eq. (12) and 
no positive root for 7 could be obtained from 
Eq. (10). Probably this result was caused by 
too large molecular size of the polymers. In 
such a case, higher order terms of P(@) ex- 
pansion which were neglected in Eq. (5) be- 
come significant even for small angle scatter- 
ing. In the system of polystyrene in M.E.K. 
solution, which is an example of a little poor 
solvent™, 7 obtained by our measurement is 
slightly smaller than unity as shown in Table 
Il. This fact seems to be in contradiction 
to Flory’s theory®!*) because our observation 
was done at the temperature much higher 
than © temperature. The value of C: of this 
system also seems to be too large. Zimm!? 
reported C/J(@) values for this system (Ep-2- 
M.E.K.). We have evaluated P(@) from his 
data and Eq. (3) and plotted it against U. 
It was difficult to interpret the obtained curve 
by adjusting the parameters in P(@) given 
by Eq. (5). Hence, no values of 7 and C2 
are given in Table II. It should be mentioned 
here that Boyer et al'® reported somewhat 
strange behavior of this system. Further 
investigation seems to be needed. For the 
system of polystyrene in cyclohexane solution, 
which is an example of the 9 solvent (O= 
34.5°C), the obtained 7 is larger than unity 
and C2 seems to be slightly too small. These 
values suggest that the polymer molecule in 
this solution is fairly flexible, the fact which 
can be hardly expected from the usual be- 
havior of the 9 solvent. For definite conclu- 
sion, however, effect of polydispersity on the 
experimental values of 7 and C2 should be 
studied in detail. In the last row of Table 
TI, values of the parameters are given 
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for RT-H-M.E.K. (89%)-2-propanol (11%), 
which is a very poor solvent as shown by 
Zimm', These values have been calculated 
using Zimm’s data!” of C/J(@). His measure- 
ments were carried out at a temperature well 
below the 9 temperature. As seen in Table 
II, y<1 and C:=:, which are reasonable 
values for a poor solvent. In Table II, as 
described above, <7?>/2 was calculated on the 
basis of P-M expression of P(@) where the 
excluded volume and molecular interactions 
were taken into account, while <7*),‘/2 was 
calculated using Zimm’s P(@) based on the 
random flight theory. The table shows <72)1/2 
is generally different from <7?>./? by about 
10%. Other authors?).®.15.!7) also reported 
such values of this difference and the de- 
pendence of <v*> on WN similar to the present 
results. In conclusion it may be stated that 
the present method provides a simple way to 
determine <rv*> with better accuracy than 
that of Zimm. For a further improvement 
of this light scattering method, probably one 
has to consider the effect of polydispersity 
in more detail. 


Appendix 
It has been shown by Zimm2))” that for a 
polydisperse system characterized by its 
normalized weight distribution f(N), P(@) is 
given by the following expression: 


P(O )= |WIN) Px) dN i [N sua. (A.1) 


Substituting Eq. (5) into Pw(@) of Eq. (A.1), 
assuming that C2 and 7 are independent of 
N and denoting the weight average value of 
any function ¢(N) by <¢(N)>, we obtain the 
following equation. 
P(O)=1— gC NV OKN))U 
a Gal IN O/CIN DU as, (A.2) 
where 
£1=2B0/7 +17 +2) , 
S=B'CH [27 +1yl27+2) , 
which are independent of N. Using Eq. 
(A.2) and Liapounoff’s inequality’”, X is given 
as 
X=( 82/91? NOCN21+1)/C N41? & ( 22/217) « 
(A.3) 
From Eq. (A.3), it can be seen that X de- 
pends on the polydispersity and has a greater 
value than that in the system of monodis- 
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persity. It can be proved from Eq. (10) that 
the larger X is, the greater the value of 7. 
In Eq. (A.3) X in appearance depends on JN, 
but actually it depends only upon molecular 
weight distribution itself. It might be worth 
noting that in Eq. (10) the effect of the 
change in X on 7 is emphasized by the 
coefficients 16 and 8, respectively. 


Acknowledgements 


The author is indebted to Prof. J. Furuichi 
for encouragement throughout the investi- 
gation and to Prof. H. Mizutani and the 
members of High Polymer Research Group 
in this laboratory for their useful discussions. 
The author is also indebted to Dr. N. Yamada, 
in Electrical Communication Laboratory, 
Musashino, Tokyo, for his advice on con- 
structing the apparatus. 


References 
1) H. Tompa: Polymer Solution (Butterworth 
Sci. 1956). 
2) P. Debye: J. Phys. and Coll. Chem. 51 (1947) 


188. Ee Zimmi: 
1093. 

S)eAve beterlim: 

4) H. Mizutani: 
245. 

5) S. Saito: Bull. Kobayashi Inst. Phys. Res. 3 
(1953) 134. H. Yamakawa and M. Kurata: J. 


J. Chem. Phys. 16 (1948) 


J. Chem. Phys. 23 (1955) 2464. 
J. Phys. Soc. Japan 11 (1956) 


Yasuhiro MIYAKE 


6) 
7) 
8) 
9) 


10) 


11) 


12) 


13) 


14) 


15) 


16) 


17) 


(Vol. 16,. 


Phys. Soc. Japan 13 (1958) 78. A. Miyake: 
J. Phys. Soc. Japan 15 (1960) 875. 

A. J. Hyde and F. T. Wall: J. Polymer Sci. 
33 (1958) 129. 

B. A. Brice, M. Halwer and R. Speiser: J.. 
Opt. Soc. Amer. 40 (1950) 768. 
J. J. Hermans and S. Levinson: 
Amer. 41 (1951) 460. 

R. W. Wood: Physical Optics (The Mac-- 
Millan Co. New York) p. 16. 

A. Weissberger, E.S. Proskauer, T. A. Rid-- 
dick and E. E. Toops: Organic Solvents: 
(Interscience Pub. Ltd. London, 1955). 

B. H. Zimm: J. Chem. Phys. 16 (1948) 1099. 
P;) Outher, \C. Il. Carrand BH. Zimm) J. 
Chem. Phys. 18 (1950) 830. 

M. Goldstein: J. Chem. Phys. 21 (1953) 1255. 
H.Benoit: J. Polymer Sci. 11 (1953) 507. H. 
Benoit, A. M. Heltzer and P. Doty: J. Phys. 
Chem. 58 (1954) 635. 

J.G. Bevington, G.M. Guzman and H. W. 


J. .Opt= Soe: 


Melville: Proc. Roy. Soc. London S.A 221 
(1954) 453. 
P. J. Flory: Principles of Polymer Chemistry’ 


(Cornell University Press, 1953) p. 317, 423,. 
625. 

H.J. Cantow and G.V. Schulz: Z. Phys. Chem.. 
(N..F.), 1 (i954) 365; 2 (1954) 117, 

R. FF. Boyer-and, D, J: Strecter:” sj, Polymer 
Seis 1271954)" 12405) ROE. Boyer sand eas: 
Spencer: J. Polymer Sci. 3 (1948) 97. 

N. T. Notly and P. J. W. Debye: J. Polymer- 
Sci. 17 (1955) 99; 24 (1957) 275. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 9, SEPTEMBER, 1961 


Three-Level Maser Action in Gas 
Il. Experimental Study on Formic Acid 


By Tatsuo YAJIMA 


Department of Physics, Faculty of Science, 
University of Tokyo, Tokyo 


(Received March 4, 1961) 


The quantum mechanical behavior of the three-level maser was experi- 


‘mentally studied by using the rotational spectrum of HCOOH molecule 


at microwave frequencies. By using the 2,,;<1i line at the frequency 
of 46581 Mc as the pumping, the induced emission of the 2;,>2;2 line at 
the frequency of 4916 Mc was obtained. For a strong pumping, the 
splitting of emission line due to resonant modulation effect was observ- 
ed. The line-shape of emission signal under off-resonant pumping was 
studied in detail. The emission spectrum due to simultaneous emission 
and absorption of two photons corresponding to the signal and the pump- 
ing was observed for the condition of far off-resonant pumping. The 
results were compared with the theory described in the previous paper, 
and was found to be in good agreement in many respects. Some dis- 
crepancies concerning emission intensity are also discussed. An appli- 
cation of the multiple quantum transition to a four-level system of HC- 


OOH is described. 


$1. Introduction 


The principle of the three-level maser has 
usually been stated in terms of “negative 
temperature ” which yields net induced emis- 
sion as a result of population inversion be- 
tween two levels. This is only a semiclassi- 
cal explanation, and the quantum mechanical 
theories of three-level maser predicted various 
behavior which can not be explained by the 
semi-classical theory as has been described in 
the previous paper’ (hereafter referred to as 
Part I). However, the observations of such 
effects have not yet been reported in the 
numerous experimental works of the solid 
state microwave masers. This is due to the 
facts that, under the circumstances of usual 
operation, the action of a solid state maser 
obeys semiclassical theory to a good approxi- 
mation because of their relaxation properties, 
and that an enormous pumping power is 
required for the appearance of the quantum 
mechanical effects. On the other hand, the 
three-level gas maser can conveniently be 
used to study these effects by the reason as 
described in Part I. Therefore, an experi- 
ment of gas maser to realize and examine 
this new type of maser action was planned. 

The quantum mechanical effects in the three- 
level maser are the characteristics of a mole- 
cular system which is subject to two or more 


coherent radiations, and the phenomena such 
as resonant modulation effect and multiple 
quantum transition are expected to appear in 
the emission spectrum. The resonant modula- 
tion effect has been studied in the microwave 
absorption spectrum of OCS molecule.” The 
multiple quantum transitions, which do not 
obey usual Bohr frequency condition, have 
also been widely observed in the various 
fields?} such as atomic and molecular beam 
spectroscopies, paramagnetic resonance in 
gases and solids, nuclear magnetic resonance 
and recently in the rotational spectrum of 
gas molecule.‘) As to the net induced emis- 
sion spectra, there have been few experimen- 
tal results which involve such effects. The 
spectrum of induced emission as well as absorp- 
tion by a double quantum transition in a two 
level system has been observed at radio frequ- 
encies in electron spin resonance of DPPH 
and other materials.» Recently, Elschner® 
reported the observation of the quantum me- 
chanical behavior of the three-level maser 
using a free radical (SOs)z2NO-~ in alkaline aque- 
ous solution at signal frequencies of 13~16 Mc. 
In the microwave frequencies, however, such 
a type of emission signal has not been ob- 
tained yet. 

In the present paper we report the observa- 
tion of the quantum mechanical behavior of 
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the emission spectrum in the three-level maser 
using rotational spectrum of gas molecules at 
microwave frequencies. The results were 
compared with the calculated ones described 
in Part I. 


§2. Molecular Energy levels suitable for 
Experiment 


Many energy level systems which constitute 
three-level masers can be found in the rota- 
tional levels of molecules. However, there 
are some restrictions for the use in the ex- 
periment of the type intended here. Two 
conditions must be considered in choosing 
molecular energy levels. The first is that the 
available microwave power is sufficient to 
achieve strong enough pumping for the marked 
appearance of the quantum mechanical effects. 
This requires the pumping transition to have 
large transition probability and to be in a 
conventional frequency range. The condition 
can be expressed in the form which is equi- 
valent to Eq. (1) of Part I. 

ace Ill | > Po Te 

3ch? (dv)2S 
where Po is the pumping power for plane 
polarized wave, 4» the dipole matrix element 
for the pumping transition, 4v the half line- 
width, S the cross-sectional area of the wave- 
guide, and wy, is called the pumping para- 
meter. The second condition is that the in- 
tensity of the signal line must be strong 
enough for observing the details of the line 
shape in both the presence and absence of 
pumping radiation. This requires that the 
absorption coefficient of the signal line must 
be of the order of 10-7 cm or more, and 
the ratio of the pumping and the signal fre- 
quencies must be sufficiently high. Generally 
speaking, the heavier molecules are more 
suitable for the former condition because of 
their closely spaced energy levels, while the 
lighter molecules are more suitable for the 
latter condition because of their strong inten- 
sity of the spectrum. Further, asymmetric 
top molecules may be preferable because of 
their variety of energy levels and allowed 
transitions. 

Considering these circumstances, the mole- 
cule of formic acid, HCOOH, was selected. 
HCOOH is a slightly asymmetric prolate rotor 
molecule, and has a large number of K-type 
doubling transitions, one of which can be 
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used as the signal transition. These A-type 
doubling transitions are connected with each 
other by relatively strong R*-type transitions, 
one of which can be used as the pumping 
transition. The three-level system used in 
the present experiment is shown in Fig. 1. 
The frequencies, the dipole matrix elements. 
and other quantities of two transitions are 
listed in Table I. The pumping parameter. 


ray 
2\2 


(Q°- type) 


Pumping 
(R°- type) 


lo 
Wi 
Fig. 1. A three-level system of HCOOH. 
Table I. Two transitions in the three-level 
system of HCOOH. 
signal - pumping 
transition 2212 2rr<— Lio 
type Otol Dwr ae 
frequency (Mc) | 4916.35 | 46581.3 


component of the dipole 


>! ho 29 
moment (Debye) Pa=1.42 0 g=1.42 


square of the dipole matrix | ei24i85) 
element (Debye?) : | 
absorption coefficient* eee my 
(ém-1) Zelxel.O "3.110 
maximum emission coef- 
ficient (em) 


* Calculated under the assumption of 4,=15Mc: 
/mmHg. 


5.1x10-7 


Wy», Which is an important measure of the 
degree of pumping is shown in Fig. 2 as a 
function of the pumping power, Po/S, and the 
half line-width, dv. The microwave spectrum 
and the molecular structure of HCOOH have 
been studied by many workers’, and the fre- 
quency of the pumping transition, 21:<—lww, 
has already been measured. The signal tran- 
sition, 211<-212, was measured first in our 
experiment so far as the author is aware, 
and its frequency was found to agree within. 
0.2 Mc with the calculated value using rota- 
tional constants obtained by Trambarulo et af 
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by using a rigid rotor approximation. There 
are also many 0b-type transitions in HCOOH 
which constitute three-level masers, but these 
were not used in our experiment, since the 
dipole moment along b-axis is very small in 
this molecule. 

The other molecule which can be used for 
the present purpose is vinyl cyanide or acry- 
lonitrile, CH2zCHCN, which has a large dipole 
moment of 3.89 Debye.®) A preliminary ob- 


' Fig. 2. Calculated pumping parameter, wy», as a 
function of half line-width, 4, and pumping 
power, ae 


ar] 


46581 Mc 
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servation of the spectrum showed that the 
lines were rather weaker and broader than 
expected probably due to the quadrupole hy- 
perfine effects and low vibrational frequencies. 
Therefore, the three-level maser experiment 
has not yet been performed on this molecule. 

The emission coefficient, a., (negative ab- 
sorption coefficient) is related to the effective 
Q value of the emission, Q., as 


1 hae 
Coe 

where 2 is the free space wavelength. If the 
gaseous materials are filled in a cavity whose 
loaded Q is Qr, the self-sustained oscillation 
will occur, when Q;>—Q,.. The realization 
of oscillation in the above three-level systems 
is hard, if not impossible in principle, because 
the required Q; is nearly 10®. Another levels 
or molecules should be considered for the 
purpose of oscillation or net amplification. 


§ 3. 


The maser experiment on HCOOH molecule 
was performed by using a waveguide absorp- 
tion cell which constitutes a travelling wave 
type maser. A block diagram of the whole 
experimental arrangement is shown in Fig. 3. 

The absorption cell is made of 7000 Mc band 
waveguide of 3 meters in length, with the 
cross-section of 34.85mmx15.85mm I.D. The 
signal frequency lies near the cut-off frequ- 
ency of the fundamental Tio mode. This 
results in an increase of the absorption co- 
efficient of the signal line by a factor of about 


Apparatus 


CONTROL SYSTEM 
ree 4916 MC 


») 


to VACUUM PUMP 


Fig. 3. Apparatus for the study of three-level maser action in HCOOH. 
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2 compared with the value in the free space, 
although the waveguide loss also increases to 
some extent. A usual Stark septum was in- 
serted for Stark modulation with a particular 
precaution against the attenuation of milli- 
meter-wave pumping field due to ‘supporting 
insulator. For the more effective pumping, 
a coaxial absorption cell of much smaller 
cross-sectional area seemed to be preferable. 
Preliminary test of such a cell showed, how- 
ever, excessive attenuation of the pumping 
field, and hence it was not used. 

The weak signal power was supplied by a 
2K22 klystron, and was introduced to the cell 
through a coaxial line feeder. The pumping 
power was supplied by a millimeter wave 
klystron 50V10 which yields maximum power 
of about 30 mW at the pumping frequency. 
In order to prevent the pumping power from 
entering the detector, the signal wave was 
separated from the pumping wave after pass- 
ing through the cell by using a T-junction. 
The short millimeter-waves in an over-sized 
waveguide propagate nearly straight without 
detectable leakage in the side arm of a T- 
junction, while the long signal wave propa- 
gates into the side arm. 

A square-wave Stark modulation at a fre- 
quency of 35 kc was employed to observe the 
signal line with good sensitivity. The undis- 
placed main line was used to observe three- 
level maser action. All the Stark components 
of the signal were pushed far away from the 
main line by a sufficiently strong Stark volt- 
age of about 600 V to avoid a confusion, be- 
cause after a phase sensitive detector the 
Stark component appears in the opposite sign 
to the main line and hence looks like an 
emission signal. The three-level maser action 
were observed and recorded on an oscillo- 
scope screen by sweeping the signal frequency 
around its resonant value with fixed pumping 
frequency. A slow sweep of about 5 sec. 
period and corresponding large time constant 
at the output of the phase sensitive detector 
were used to attain a good signal-to-noise 
ratio. 

The most difficult work in the present ex- 
periment was the high stabilization of the 
frequency of pumping klystron near the re- 
sonant value. An automatic frequency con- 
trol system using heterodyne method and 
phase lock-in method was adopted and worked 


Tatsuo YAJIMA 


(Vol. 16, 


well with the stability of about 10-°~10-’. 
This part is indicated in an enclosure of 
dotted line in Fig. 3. Using a 2Mc crystal 
oscillator as a standard, a 2K25 klystron is 
stabilized at the frequency of 9299 Mc by the 
same method as used in the frequency control 
system of the ammonia frequency standard.® 
A beat signal between 50V10 and the stabili- 
zed 2K25 is then amplified by a receiver tuna- 
ble in a range 80~90 Mc, and the output of 
a frequency discriminator is fed back to con- 
trol 50V10 klystron. The fine control and 
the measurement. of the pumping frequency 
were carried out by controlling the tuning 
frequency of the above receiver with the 
AFC on. 


§ 4. Experimental Results and Comparison 
with the Theory 


In order that the pumping effect is large, 
the gas pressure must be low so that the 
line-width is narrow enough. The line-width 
is limited, however, by the broadening due 
to the wall collision and the Doppler effect. 


(b) 
Fig. 4. Typical patterns of the emission doublet 


in the three-level gas maser. 
in (b) is lower than in (a). 


The gas pressure 
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The wall collision width is calculated as 4.4 
ke for the cell used, and the Doppler widths 
for signal and pumping are 4.5kc and 43kc, 
respectively. When the half-width of actual 
signal line becomes below about 100kc, the 
intensity was found to decrease more rapidly 
than expected probably due to increasing im- 
purity, and therefore most experiments were 
carried out with the line-width of above 100 
Ke: 

Now, the three-level maser action was ob- 
served when the gas pressure is reduced be- 
low about 10-? mm Hg with a pumping power 
of 30mW. When the pumping frequency is 
resonant, the intensity of the absorption 
signal decreases initially, then the emission 
line appears and finally the line splits into a 
doublet. Typical patterns of the emission 
doublets are shown in Fig. 4. This may be 
interpreted as the resonant modulation effect 
which is one of the quantum mechanical 
effects in the three-level maser. For suffici- 
ently strong pumping, the separation of two 
peaks is theoretically given by 


2dv)m= Bel Be 


where FE, is the peak electric field of the 
pumping radiation, and #» the electric dipole 
matrix element along the direction of electric 
field for the pumping transition. In general, 
the separation is slightly dependent on the 
absorption line-width due to the effect of the 


600 
= 

a 
400 
can] 


200 


600 
(kc) 


400 
2 (Av) 
Fig. 5. Separation of two peaks in the emission 
doublet, 2(4v)m, as a function of absorption line 
width, 2(4v). The solid line is the calculated 
curve, and the open circles are the observed 
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points. 
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interference between two peaks. The separa- 
tions were measured for several values of 
absorption line-width, 4y, with a nearly con- 
stant pumping power, and was compared with 
the theory. The result is shown in Fig. 5. 
The theoretical curve was calculated from 
Eq. (11) of Part I, using the values Po=30mW, 
S=5.53 cm?, | 4p |?=1.00 (Debye)?, and R=9.47. 
The error of the effective pumping power was 
estimated to be about 30% considering the 


33 
a 
45 
x) 
| 
YDo/ ’So= 9.47 
107]. piBer4 SiG 7h SuO a0 
Wp 
Fig. 6. Theoretical curve of (4v)m/(4v) versus 


pumping parameter, wy. 
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Wp 
Fig. 7. Ratio of maximum emission and absorp- 
tion intensities, a@max/das0, aS a function of pump- 
ing parameter, wy. The solid line is the theo- 
retical curve, and the open circles are the 
observed points. 


1714 


effect of non-uniform field distribution and 
the accuracy of power measurement. In view 
of this, the agreement between observed and 
calculated values seems to be satisfactory. 
Then, the doublet separation may be used 
to determine the value of the pumping para- 
meter, wp, experimentally without detailed 
knowledge of the pumping power. A theore- 
tical curve which determines the values of 
Wy from the observed values of (4v)m/(4v) is 
shown in Fig. 6. This curve and all other 
theoretical curves described below were de- 
rived numerically on the basis of Eq. (11) of 
Part I. The value of w» was varied in the 
experiment mainly by the change of gas 
pressure. Fig. 7 shows observed and calcula- 
ted values of the ratio of maximum emission 
and absorption intensities, @max/a@s0, aS a func- 
tion of wy». It was found that the observed 
intensity of emission is about 1/2~1/3 times 
as large as the value expected from the 
theory. Fig. 8 shows observed and calculated 
values of the ratio of minimum and maximum 
emission intensities in a doublet structure of 
the emission line, @min/@max, aS a function of 
Wp. The general tendency of the experi- 
mental results was found to agree with the 
theory, but it is noted that the observed values 
are slightly smaller than the calculated ones. 


Amin /2max 


o-3-A—-5- 67-8910 
Wp 


OFF 


Fig. 8. Ratio of minimum and maximum inten- 
sities in a doublet structure of the emission 
line, a@min/amax, as a function of pumping para- 
meter, Wy. The solid line is the theoretical 
curve, and the open circles are the observed 
points. 
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The line-shapes of the signal are studied 
in detail when the pumping frequency is 
shifted from the resonant value. Typical 
oscilloscope traces of a series of results are 
shown in Fig. 9, where each photograph cor- 
responds to the different pumping frequency 
with the same pumping power and gas pres- 
sure. It is shown in Fig. 9 that, when the 
pumping frequency is shifted gradually from 
resonance, the frequency at the peak of emis- 
sion doublet shifts and the peak intensity 
decreases. Finally, one of the peaks becomes: 
a weak emission line separated entirely from 
the original absorption line. This is the in- 
duced emission due to double quantum trans- 
ition associated with the three-level maser. 
The whole behavior agrees at least qualitatively 
with the calculated line-shapes as given in 
Fig. 3 of Part I. A number of series of such 
experiments were made, and the change of 
frequency and relative intensity of the emis- 
sion peak asa function of pumping frequency 
are then compared with the theory more qu- 
antitatively. The results are shown in Fig. 
10 and Fig. 11. The theoretical curves were 
calculated by the help of the curves such as. 
given in Fig. 3o0f Part I. Fig. 10 reveals that 
the frequency shift of the emission peak agrees. 
well with the theory within the experimental 
accuracy, and that, when the pumping fre- 
quency is shifted sufficiently from resonance, 
it actually approaches to the following relation, 

Ys— Vso Yp— Yoyo 5 

where vs and vy are the signal and pumping 
frequencies, and vso and vyo are their resonant 
values. The agreement of general tendency 
between theory and experiment in Fig. 11 may 
also be recognized, although the accuracy of 
the measurement of intensity is rather poor 
because of the circuit charactor. However, one 
finds a discrepancy that a distinct maximum 
occurs in the experimental curve while it is 
much smaller in the theory. The whole off- 
resonant behavior was also found to occur in 
the same way whether the pumping frequency 
is higher or lower than the resonant frequen- 
cy, as expected from the theory. 


§5. Discussion 


It was shown by the experimental results 
described above that various quantum mecha- 
nical effects predicted from the theory can be 
realized in the three-level gas maser, and that 
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(1) dvp=vpo—vpyp=0 (5) dvpy=1.08 Mc 
as v 

(2) dvp=0.18 Mc (6) dvp=1.21 Mc 


| 


(3) dvp=0.36 Mc absorption (7) dvp=1.33 Mc 
V 


(4) dvp=0.78 Mc (8) Original absorption line 
Fig. 9. Signal lines of the three-level gas maser, when the pumping frequency is shifted 
from resonance. dv, is the deviation of pumping frequency from the resonant value. 
The vertical arrows in each figure indicate the emission lines due to double quantum 
transition separated from the original absorption line. The abscissa represents the signal 
frequency with the sweep range of about 3.5Mc. The pumping power was kept at 30mW. 


the main characteristics agree with the theory (2) The observed valley in the emission 


well. There are, however, some discrepan- doublet is slightly deeper than that of 
cies between theory and experiment which the theory. (Fig. 8). 
are summarized as follows. (3) A maximum occurs in the experimental 
(1) The observed intensity of the emission curve of peak emission intensity versus 
at resonance is about 1/2~1/3 times as pumping frequency. (Fig. 11). 


large as the value expected from the Possible origins of these discrepancies will be 
theory. (Fig. 7). discussed briefly in the following. 
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According to the theory described in Part I, 
the influence of the Doppler effect on the 
intensity and shape of the signal line may be 
neglected in the present case, since the Dop- 
pler-width for pumping frequency is 1/3~1/5 
times as large as the total line-width. 

A transient effect caused by a finite colli- 
sion relaxation time will decrease the emission 
intensity, when the frequency of Stark modu- 
lation is not low enough. The amount of 
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Normalized frequency shitt of emission peak (ve_-%s,)/ (Ar) 


O | 2 3 4 5 6 % 8 
Normalized shift of pumping frequency, (»p-p.) /(4”) 


Fig. 10. Frequency shift of the emission peak as 
a function of pumping frequency. Solid lines 
are the theoretical results, and observed points 
are indicated by A, OC, The dotted line 
represents the relation, vs—vsop=vp—Vpo- 


W p= 2] 1 p|?Po/[3ch?(4v)28 ] 


dd 


Relative intensity of emission peak, Gsm /(Gsm) 


O | 2 3 Tlgeal ies 6 7 8 
Normalized shift of pumping frequency, I%p- %,|/ (av ) 
Fig. 11. Intensity of emission peak asa function 
of pumping frequency. Solid lines are the 
theoretical results, and dotted lines are the 
experimental results, 
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decrease by this effect is estimated as about 
20% for the modulation frequency and gas 
pressures used. 

The main part of the above discrepancies 
may be attributed to the effect of spatial in- 
homogeneity of the pumping radiation field. 
The inhomogeneity-arises from the standing 
wave formation in both transverse and longi- 
tudinal directions of the waveguide and from 
the attenuation of pumping field along the 
cell. If a considerable region of weak field 
occurs by this effect, a residual absorption 
will overlap the emission spectrum. All the 
discrepancies indicated above may be explain- 
ed by this mechanism at least qualitatively. 
However, correct estimation of the effect is 
difficult because a complicated field distribu- 
tion is expected due to multimode transmission 
of the pumping wave in an over-sized wave- 
guide absorption cell. 

The degeneracy of each rotational level by 
a magnetic quantum number M will also con- 
tributes to the above discrepancies as has 
been pointed out in §3 of Part I. This effect 
is somewhat analogous to the inhomogeneous 
field effect in the sense that different transi- 
tion probabilities associated with different 
Stark or Zeeman components result in an 
“inhomogeneous ” pumping action. 

For complete account of the above effects, 


A four-level 


Dey Ag system involving triple 
quantum transition. Induced emission at the 
frequency vs can be obtained by the two pump- 
ing radiations of the frequencies Vpi1 and vp». 
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more refined experiments and theoretical con- 
siderations will be necessary. 


§6. Application to Four-level System 


An interesting application of the multiple 
quantum transition to four-level system is 
possible as pointed out in Part I. The prin- 
ciple can be illustrated by the same level 
system of HCOOH as used in the present ex- 
periment. Consider a four-level system as 
shown in Fig. 12, where a new level of lun 
participates in the action. Suppose that a 
weak radiation of the frequency vs, and two 
strong radiations of the frequencies, yp and 
Vp2, are applied to the system. The frequen- 
CIES, Ys, Yn1, Yp2, are assumed to be slightly 
off-resonant from the transition frequencies 
of 211 <> lio, 212 <> li, 211 << 212, respectively, 
and to satisfy the relation 


VpitYy2—Vs—=Vao , 


where va is the transition frequency of 
liv<?li. The frequency deviations, «1 and 
é1, from resonance are assumed to be much 
smaller than transition frequencies of the 
molecule. 

Then the net induced emission at the fre- 
quency vs can be obtained for a normal state 
of populations as a result of triple quantum 
transition, in which the absorption of two 
photons, Avy and hyyz, and the emission of 
one photon, fy;s, occur simultaneously. This 
is a type of maser using the pumping frequen- 
cy lower than that of signal. The intensity 
of the emission thus obtained can be calcu- 
lated by the similar method as used in § 2 of 
Part I as 


Xs— — so 


aa | Po Ke | Boe | 
16 hes? (e1—é2)? , 


Vso 


where as. is the absorption coefficient at the 
frequency »so without pumping, fp: and fp2 
the dipole matrix elements of the pumping 
transitions, Ey: and Ey: the peak electric field 
intensities of the pumping radiations. Assum- 
ing that the value of the quantity in the 
square bracket can be increased to the order 
of unity, and using the values a@so=3.1x 10-° 
cm-!, vao=1639 Mc, vs=46581 Mc, then | as | 
amounts to 10-*~10-7cm~!. This is of detec- 
table intensity, though it is not enough for 
net amplification or oscillation. More inten- 
sive emission from this type of maser will 
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be attained by the use of another molecular: 
levels. 


$7. Conclusion . 


The multiple quantum transitions and other- 
phenomena in the gas masers studied here 
are the typical aspects of the nonlinear pro- 
perties in the interaction between radiations. 
and a molecular system. They extend the 
functions of the maser for both spectroscopic 
and other purposes such as generation, ampli- 
fication and detection of radiations. The. 
success of the present experiment on an. 
emission spectrum at microwave frequency 
will open a way of studying and applying: 
these phenomena at higher frequencies in the: 
various fields of quantum electronics. The: 
extremely strong radiations which can be pro-- 
duced by the infrared and optical masers will 
be quite useful for the study of the above: 
mentioned phenomena at these higher frequen-- 
cies. 
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Plasma oscillations are considered under uniformly applied electric and 
magnetic fields. When the external field is so weak that the particle 
runaway is not yet appreciable and the drift motion between electrons 
and ions is regarded as quasi-stationary compared with the oscillation 
frequency and particle gyrations, the usual Laplace transform method 
can be approximately employed. The dispersion relation thus obtained 
describes the excitation of ion waves. Behaviors of these waves are dis- 
cussed, their temporal developments being taken into account. 


Introduction 


$1. 

Plasma oscillations have been studied ex- 
tensively both in the absence of external 
fields and in the presence of a static mag- 
netic field. In these cases a stationary state 
independent of time has been taken and a 
time-dependent fluctuation has been treated 
as a perturbation which grows up under 
suitable conditions. 

When an electrostatic field is applied to the 
plasma, electrons and ions begin to flow in 
opposite directions, resulting the so-called 
current-carrying plasma. It is well known 
that the mutual motion between electron and 
ion gases causes electrostatic oscillations, or 
ion plasma waves. Many works have been 
carried out concerning ion wave instabilities 
brought about under a constant relative drift 
motion?)—®, 

There have been a few papers in which the 
relative velocity between electrons and ions 
varying with time by an applied electric field 
is taken into consideration. Such cases were 
discussed by Fried et al.” in special situations 
and by Kovrizhnykh® in the strong field limit 
where collisions are neglected. A general 
treatment of this problem, however, would be 


very complicated, because runaway and oscil- 
latory phenomena arise simultaneously and 
are related with each other. It would be, 
therefore, of significance to provide a simpler 
treatment of the same problem before the 
particle runaway is developed remarkably. 
In fact, as will be seen later, the drift be- 
tween electrons and ions that changes grad- 
ually with time due to the electric field would 
be regarded as quasi-stationary and hence 
oscillations would take place adiabatically, 
provided following two conditions are fulfilled: 

a) The externally applied electric field is 
so weak that the velocity increment gained 
by an electron during one cycle of excited 
oscillation is very small compared to the mean 
thermal speed of electrons 

b) The period of excited oscillations is 
much shorter than the mean collision time 
between electrons and ions. 

Then it will be shown that results obtained 
on plasma oscillations in the absence of elec- 
tric field can be applied formally in the pres- 
ence of an electric field. Ion waves excited 
will be discussed at every stage of increasing 
drift velocity. Thus it will be possible to 
trace the temporal change of ion plasma 
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waves under an external electric field. 


$2. Fundamental Equations 


We consider a uniform plasma composed of 
electrons and ions of one kind, extending to 
infinity under external electric and magnetic 
fields. 

We take the Boltzmann-Vlasov equations 
for distribution functions of velocity of elec- 
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electrons with mass m, charge —e and ions 
with mass M, charge Ze. The long-range 
interaction between particles is included in 
the fluctuating part of the electric field E, 
and the short-range interaction arising from 
encounters closer than the Debye radius is 
represented by the collision terms on the 
right. In this paper we will mainly discuss 
plasma oscillations, so that the fluctuating 


magnetic field produced by the fluctuating 
convection current and displacement current 


trons and ions 


oe aU ihe ~ (E+ 0 x B) fe zl ; is neglected. Hence the Maxwell equations 
if pe i Of Veou are reduced to the Poisson equation 
(2.4) aR *'S 


a Lhi—fedv . RSs 
ft yf, 2 pi yy pg Pi of as fe)dv (2.3) 


ot Ox M ov ot 


Ox 


see To solve these fundamental equations, the 
(2.2) distribution functions and the electric field 
respectively, to are Fourier-analysed in space as 


where suffixes e and i refer, 


FV, x, L=fyjolv,; 0+ | fale be**dk , Hens) (2.4) 
E(x, )= Ey) + | Euemak (2.5) 
where E(t) is the uniformly applied electric field. 
The uniform parts of (2.1) and (2.2) are now given by 
ve 2 (Eat vx Br) is 4. 26 a Py dh (2.7) 


~where the third terms on the left-hand side of both equations represent non-linear contribu- 
tions which may be negligible in small amplitude oscillations. When the uniform electric 
field has a perpendicular component to the magnetic field and both fields are either static or 
varied slowly compared with plasma oscillations and particle gyrations, there occurs a flow 
of the plasma with a velocity vn=(& x Bo)/Bo?, which is perpendicular to both the electric 
and the magnetic fields. So far as the plasma oscillation is concerned, this drift merely 
causes the Doppler shift of oscillating frequency. We may therefore choose the electric 
field parallel to the magnetic field without loss of general feature of oscillations. (2.6) and 
(2.7) are thus simplified to the following equations: 


Ofeo Elle wool = __ feo 
ot Le © ap Ot |con 
Ofio 4 Ewe 43 (fio _ fio 
ot ae "av 1 dp Ot | con 


where the velocity vector v is expressed by three components (v,cos¢, v, sing, vy), and 
ce=eBo/m and wu=ZeBo/M are the cyclotron frequencies of electrons and ions respectively. 
If we assume, furthermore, the cylindrical symmetry in velocity space, both Ofe/dy and 
Ofio/dg vanish. Then we get 
Ofeo _ Evfe = __ Ofeo 
ot Pa ot 


(2.8) 


> 
coll 
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Of , Z Ome _ ofto (2.9) 
ot ue "av 1 Ot | co 


These equations describe the time variation of the uniform part of distribution functions 
under the uniformly applied electric field and are considered as basic equations for the so- 
called runaway phenomena. 

In the extreme case of collisionless plasma, we obtain at once from (2.8) and (2.9) 


fa=fal 0 vy + <-\' Holt)at) ; 


fo=fa( Vil — “ig \ Eatiat) ; 


If we have initially the Maxwellian distributions, we get displaced Maxwellian forms in which 
the mean velocity varies with time by the applied field; electrons and ions are accelerated 
in opposite directions, giving rise to an electric current in the plasma. 

When collisions are introduced, electron-ion encounters randomize the directed motion im- 
parted by the field, thus bringing about the Joule heating, electron-electron and ion-ion 
encounters, on the other hand, tend to make the respective velocity distribution of electrons 
and ions a Maxwellian form in a very short time because of much larger transfer of mo- 
mentum between like particles. As is well known, however, in the case of strong field, all 
particles can be runaway and the Maxwellian form of particle distribution deforms appre- 
ciably almost in one electron-ion mean collision time®. In the case of weak field, a particle 
having a speed exceeding the mean random speeds of both electrons and ions must be run- 
away owing to the decreasing dynamical frictions for such a particle, and a particle slower 
than the mean random speed cannot enter the runaway state by the acceleration alone owing 
to the increasing dynamical friction with the particle speed, but can diffuse gradually into: 
the runaway state by very close collisions and by the gradual decrease of the dynamical 
friction with the rise of electron temperature due to the Joule heating. Hence the distribu- 
tion becomes non-Maxwellian in time even in the weak field. 

For electrons we may employ the displaced Maxwellian distribution until vt becomes 
roughly (E./Eo)? when (E./E-)<1, where Eo is assumed time-independent, »v the mean electron- 
ion collision frequency and E- the critical field connected with » as 

ek. We* 


y= ———— Kin) Al 
MVe Arneve® 


where =the electron number density, w.?=me?/mev, A=d/p, d=the Debye length, and p= 
the minimum impact parameter. 

For ions, we shall later neglect their drift velocity because of their large mass and we 
may therefore take the Maxwellian distribution. Then the displaced velocity u(t) becomes. 
the relative drift velocity between electron and ion gasses. 


Neglecting the non-linear and collisional terms, we can describe the fluctuating parts of 
(2.1 cand *(2:2)-as 


DE £(Bytv xB ) Yee el 0 (2.10) 
ot m Ov 
af ikooee: AE Eyto x By) Lie 4 <E pels ae (2.11) 


When the electric field Ey is parallel to the magnetic field Bo, (2.10) and (2.11) can be written 
as 


Ofer . Eofex ae Eel 
tik © oe bt cag co 
7 ae fet tan) do me ap 0, 21a 
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aie pif dh af 
4+ik.- Usi uk er ie == UID Zoi 
susp a oe ss iV geile thas Ce 


For the electric field Ex, we require the Poisson equation 
ik- Bx=*-\(Zfa— ade . (2.14) 
€0 


By use of three equations (2.12)-(2.14), oscillation phenomena will be discussed in the fol- 
lowing section. 


§3. Derivation of the Dispersion Relation 


In the usual problem of plasma oscillations, the uniform distribution functions feo and fio 
are independent of time and we can solve the equations by the Laplace transform method. 
In the presence of an electric field, on the contrary, feo and fio become time-dependent and 
we cannot directly adopt a similar method as before. For a weak field, however, it is likely 
that feo and fio are so slowly varying functions of time as compared with oscillating fre- 
quencies that they may be regarded as quasi-stationary. Oscillations will take place adiaba- 
tically under the circumstance determined by feo and fio changing with time. Thus we may 
put 

1 Ofe 1 fio 


<4 and 
«eee at eee 


<w , (3.1) 


where w is the angular frequency of oscillation. If (3.1) holds, it would be reasonable to 
replace feo and fio by time-dependent functions in a dispersion relation, which is obtained 
by considering feo and fio as time-independent and by employing the usual Laplace trans- 
formation. The dispersion relation so obtained will describe characteristics of the oscillation 
in an approximate way. 

Now we suppose that fa(v, t) and fio(v, t) satisfy the relation (3.1), these functions thus 
being regarded time-independent for the present in solving the equations (2.12)-(2.14). So 
far as the form of the dispersion relation is concerned, the Laplace transform method is 
equivalent to taking all the oscillating quantities with a time factor of exp(—iot). Hence 
we get from (2.12) 


Ofer = eo Ofer aa laet (o—kyvy —Rkv 1. cos o fer = eg nal. J 
0g MWce Ov Wee Mo: saa 


(3.2) 


To get a solution as a power series in a parameter proportional to Eo, we write the zeroth 
approximation of fcr as® 


Q 
is =| G&o, 9, phe peu dg’ , (3.3) 
= Mec OV 
where v’=(v, cos¢’, vi sing’, vy), Im(w)>0 and 
Geo, g, y’)=exp | eo krenle—e) kav alsin g—sin ©) | é (3.4) 


By virtue of (3.3), the equation (3.2) becomes, to the first approximation of fox, 


Oi = Ba pgs Ryoy— Riva COS gf = (Be Ofeo + Eo Of ok ie (3.5) 
dy ce MOce dv “Ov 


This gives 


i 1€é i Cia, 9, o| ee jfeo. eee a Geo, y’, ey Ofeo dy” lw dk , (3.6) 
S65 | 


cad Mee dv’ 
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where vee electric field is expressed by the electric potential as Ex=—ik¢x and v’= 
(v1 cos g’’, v, sing’, vy). 
Similarly, we obtain from (2.13) the ion component to the same approximation 
(1) eee Cee iZe G; be jos. ol LeKo pre: ee yy Ofio , 
PR=— For | Clo 9, 9 AGS — SE 2" Cie, 9°, oh dp” |do'de, (3-0) 
ii (3.8) 


(3.6) and (3.7) are inserted into the Poisson equation (2.14), which yields the dispersion rela- 
tion to this approximation 


Gila, ¢, v’)=exp l= 


. polo 7) Ofeo 
—= 2 4 tt , 
Dk, 0) =# i] —<— \ao|" Go, 9, 9 RAE + 2 hel Cow, 9, 0° ete ar de” bag 
BEE) | ‘Z GC {as Lek lps yy fie ete 
4X aol” Cie, 9, 9 RSE + Fee |" Glo, 9 9 EE ap” lay |-o. 
(3.9) 


The Laplace transform method leads the identical relation with (3.9). One should note that 
this relation is valid only for JIm(w)>0. After making use of some formulas of integrals 
and recurrence formulas of the Bessel functions, we can rewrite (3.9) in the form valid over 
the whole region of complex w plane. Then we get 


a4 1 /a@\? dv) 1éEoky 
pele) 
«=| ne\ k 0, OR vy —lwce mo—kyv, —lwee)* 


a (e Ofer, loa es re( #2), oy 


"av v1 Vi, Oy, Wee 
wah oes zs iZeEoR y \ 
k C; o kyvy tlocs Mok v1 +loci)? 
Ofio _lwei Ofio kv, 
x 
\; (1 "avy UL eee Bes ou dv, |= oF (3.10) 


Here m:=the ion number density, o#=ni(Ze)?/Me.; the contour Cz: and Ci, are chosen so as 
to go from negative infinity to positive infinity on the real axis, passing the lower side of 
all singularities of the integrand on the complex v, plane. Instability of the oscillation will 
arise, in particular, when (3.10) has a solution for Im(w)>0. 

When the distribution functions are separable with respect to variables, they can be writ- 
ten as 


Sev) =NeSei(Vi)Zen(Vy); folv) =Mgis(V)gin(v)) « Gi 
Then (3.10) becomes 


2 e\? dv ieEok 
SIGN scat tae) 
ee k Ce o—kyvy —lce mo—kjv 1 —Ilwee)? 
dgey (* kv e 
x fi tas \zu7e( 42 a +) odo +loogey (#2 ges bi 5 (ae Jao. | 
ae ei _ > Nog J on arn iZeE ok} \ 
R Co kyvy +locs Mo —kyv7+loci)* 


; fi, oo f ae (Be a lousy | nh eee a. =o. 
0 


dv} Wei 


(3.12) 
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‘The dispersion relation (3.10) or (3.12) has been derived under the assumption that the distri- 
bution functions are Stationary. If the distribution functions change with time in accord- 
ance with the condition (3.1), the dispersion relation we are looking for is given by simply 
‘considering fo and fio as time-varying. Then the relation between the complex frequency 
and the wave vector obtained from the dispersion relation becomes also slowly varying with 
time. 

We shall next specify the distribution functions to investigate the more realistic case. 
As was discussed in the last section, it may be allowed to take the distribution functions 
as Maxwellian before the particle runaway becomes remarkable. Hence in (3.12) we put 


Sei(Vi)= = exp [s Sail ; Se(Vi5 a exp E ae a ; (3},103)) 


1 v,\2 1 vi \? 
— (22 Opes» ea a 
aie exp | ee | : Sis(Vy) agi exp | es | (3.14) 


where u(t) denotes the relative drift speed between electron and ion gases, Ve=(2eTe/m)/? 
and vi=(2«Ti/M)/?, T. and Ti, temperatures of electrons and ions respectively, being also 
functions of time because of Joule heating. If the electrons flow in the positive direction, 
or u(t)>0, the electric field must be in the negative direction and therefore Eo=—|Eo|. 
(3.12) becomes 


sass We \* we 1; Rive 3 Rv? 
142, 3 | eye {= e*) |} (Sea) 
2e|Eo| 


x { iat Caz exp (—Qa%)[1+ 9(i0e1)) + 2" 114 Qalky, o)} 
MR V0? 


wi \? a ES k\vi 2 ky 2vi? ‘ 
+ (gir) exp { A Wei ) bain ( 201” ) 


x {14 i /% Bue exp (—2u) [14+ O0a))} |-° (3.15) 


Rii(Vi)= 


where 
EDA Dea Qer + VF | Del 3—20u" 4 2 (1 204) 
Ve 


x exp (—2e1?)[1+ O21) , 


Oops (o—kyvj —lwec) 
a Ryve ; (3.16) 
(o+lwei) 
= 
: Rkyvi 


Oe NS 
Ox =| edt . 
\ ) Vy, Z Jo 
§4. Ion Plasma Oscillation 
In this section we discuss in detail the plasma oscillation which is excited by the mutual 
drifting motion between electron and ion gases and is characterized by the dispersion rela- 


tion (3.15). ; . 
Let us consider the case in which the dispersion relation (3.15) is reduced to a simpler 


form. One of such cases is realized by assuming 
a) lo—kyu\/Ryve<1, b) lol/kyvi>l, \ (4.1) 
C) hk velwee<1 ’ d) Ryvilwi<1 3 
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The assumptions (4.1) imply that a) the phase velocity of the wave parallel to the magnetic 
field is much slower than the electron’ thermal velocity v. as seen by drifting electrons, 
while b) it is faster than the ion thermal velocity; c) and d) represent that the wave-length 
of the wave component perpendicular to the magnetic field is much greater than the gyra- 
tion radius of electrons and ions, since k, is inversely proportional to the wavelength and 
VelWce OF Vi/wer is the gyration radius of electrons or ions respectively. 

In this approximation (3.15) becomes 


We Os o—kyu ie| Eo} jae ( Rkyvi iis 1 tee \t=o. 
142 Rve 4) ( is Bae Rive Lam oa 2mk 1 Ve? kui o 2 Wei 


From this we find 


Oa 2 2 e 2) ae 2 i e|£o| KT 4.2) 
(=) =Gerre) [2+ (eee + (eRe) iV fe ri; Qipye et he OD 


where 4-=ve/Y 2we and Ri=vi/VY 2c. If the electric field Eo is so weak that the velocity 
increment of an electron during one cycle of oscillation is much smaller than the thermal 
velocity of electrons, we can put 


eK 


MVeW 


cone (4.3)) 


This has a relation with (3.1), which will be examined in the last section. When (4.3) is 
satisfied, the last term in the last bracket of the denominator of (4.2) can be neglected. 
Taking into account of the first inequality a) in (4.1), we get from (4.2) 


OL thy he E if __{(w/ve) ~(o/kyv»)} | (44) 
wx  [14+(RaeP+(ZTe/2Ti)(RRi)?]/? 2 {(1+ (Rae)? +(ZTe/2T:)(R, Ri)?} 
Thus writing o=w+77 and neglecting higher order terms, we have 
oo He (4.5) 
ox [l+(Rkae)?+(ZT/2Ti (RL Ri)? |}? 
ese Van Tv Ry re ee Uu (m/2M )\/? | (4 6), 
Ow; 2[1 +(e)? + (ZT e271) (Rk Ri)? |3/2 Ve {1+ (Rae)? +(ZT/2Ti (Rk Ri)?} . 


where only the positive root is retained by the ion temperature is finite to the extent. 
the physical reasoning that the wave velocity that (4.8) holds, the inequality (4.7) becomes. 
must be positive for u(t)>0. This is formally invalid for too large value of Rk’: in fact the 
the same results as that obtained by Bern- accurate calculation shows that the system. 
stein et al‘, except that the electron drift becomes stable for k& greater than some 
velocity and the temperatures of electrons critical value?.®. On the other hand, in the: 
and ions are supposed time-varying in our limit of zero temperature of ions (4.7) is valid. 
case. for all values of kA, exhibiting the existence- 

It should be noted that (4.4) must be con- of excited oscillations for any wave number. 
sistent with b) in (4.1). Hence we obtain When the wave vector: is not parallel to. 


from (4.4) the magnetic field and makes the angle 
oo! (T2f2T:) #2 Sap with it, we can put ky =kcos@ and k,=ksin 0. 
Rv ~ TL (kde)? (ZT of 2 Tk R = We see from (4.5) and (4.6) that the wave do. 
(4.7) not propagate in the direction perpendicular 

(etterc lene strom. thiesthat to the magnetic field and that the frequency 
(Tel To2>1 (4.8) ie ae growth rate are nearly proportional. 


is necessary for such approximations. When We consider for the present an extreme: 
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case in which T./Ti>oo and k,->0, that is, 
the ion temperature is negligible compared 
to the electron temperature and the wave 
propagates in the direction of magnetic field. 
‘Then the frequency of the oscillation becomes 


seks cout ji/2 for kie<l, 
Wr 


(4.9) 
Oi for kas>1. 


‘This means that the excited wave is the so- 
called ion wayes. The instability condition 
is that the growth rate 7 becomes positive, 
namely from (4.6) 


us, (m/2M )1/2 
Ve [1+(R2e)?]1/2 i 


If w is smaller than v-(m/2M)”?, the wave 
corresponding to kde >[(ve/u)(m/2M)/2—1] be- 
comes unstable and the wave in the range 
0<RAe<[(ve/u)(m/2M)/2—1] is stable. If u 
becomes greater than v.(m/2M)'/?, then the 
waves for all & are unstable. The maxi- 
mum growth rate lies kA~/2y for y= 
(velu(m/2M)'?=1 and near kA~1// 2 for 
y<l. Since we find ||/kvue<(m/2M)/?<1 


(4.10) 


y=Ol or %=O.165 
for hydrogen 


Fig. 1. The growth rate of ion wave propagating 
in the direction of magnetic field versus the 
wave number when u/v-<1. 
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from (4.4), the condition a) in (4.1) is fulfilled 

when z/v. is much smaller than unity. Features 

of oscillation in this range are shown in Fig. 1. 

When u/ve becomes comparable with unity, 

a) in (4.1) must be replaced by 

lo—ku|/kveS1 . (4.1) 

Keeping other conditions b), c) and d) in 

(4.1) unaltered, we find, instead of (4.2), in 
the limit of k,-0 or k)->k, 
(o) “ware 

wi (Rae)? +G(z) ’ 

where G(z)=1+iY z ze-”[1+@(iz)], z=(w—ku) 


(4.12) 


/kve. When |z|~1 as seen in (4.11), we get 
|G(z)|~1. From (4.12) we have also in this 
case, 
o m \\/? 
“ lari) (4.13) 
for any ka. Hence (4.11) gives 
12 (ulve)>|ol/kve « (4.14) 


Therefore we may take approximately the 
variable z as real or z=—(u/ve), which gives 
easily the real and imaginary parts of G(z) 
as 


0.5 
é= U/Ve 


0.8 


2 iye 2 4 


O | 


Fig. 2. The growth rate of ion wave propagat- 
ing in the direction of magnetic field versus 
the wave number when 1 = u/v.. 
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ReG(z)=1—26w¢&) , 
ImG(2)=—V x €e-® , 

where €=u/ve, w(&)=— iV x /2)e-#' OE) = 


§ . . 
e| e’dt and its numerical table is availa- 
0 


In terms of variables 
a=(ke)?+1—2Ew(E) , 
=—V zee, 
we find from (4.12) 


ple: 


yy V@+b +a ee (4 15) 
Wi : a+b? ‘ 
tm, (Vere a)" 

Sen ae . (4.16) 


When b?/a?<1, these are reduced to a/oi= 
ki.[(2a)/2 and y/a:=kA-/(2a)*/2? which coincide 
with (4.5) and (4.6) respectively. Figs. 2 and 
3 are obtained for 1=&>(m/M)'” by use of 
(4.15) and (4.16). 

For €>1, the error caused by presuming z 
as real becomes remarkable with increasing 


¢: 


O | ' 
Oe 3 4 


Fig. 3. The frequency of ion wave propagating 
in the direction of magnetic field versus the 
wave number when 1=x/v. 
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In the extreme case of &>1, we have |z|>1 
and again a simple form of dispersion relation. 
for a wave propagating parallel to the mag- 
netic field 


OemeNe a \? 
lellege il o ) ; 
This type of waves has been discussed in 
many papers. It is, however, quite analogous: 
to the excitation of electron plasma waves by 
an injected electron beam. The system re- 
presented by (4.17) correspond to the system. 
consisting of a medium plasma with a very 
low density mp» and a beam with a very high 
density m such that the ratio m,/np is equal 
(w-/ai)??=M/Zm. The detailed features of ex- 
cited waves in such a system have been 
investigated by the present author’”. But. 
we are not interested in such details here, 
since runaway electrons deform the Max- 
wellian distribution in the region of large 
drift velocities. Then the electron distribu- 
tion would have second maximum and hence: 
electron plasma waves would be excited, the 
frequency of which is the order of magnitude 
Of we. 

As shown above, in the limit of T./Ti-o9,,. 
even an infinitecimal drift velocity excites a 
wave with kR>oo. When 7; becomes finite, 
the drift velocity must exceed some minimum. 
value for instability, which increases with the 
ion temperature. In the case of T./Ti=1, 
this minimum drift speed is about the mean. 
thermal speed of electrons, u~v.2)-". 


(4.17): 


§5. Excitation of Ion Waves 


Now we shall investigate behaviors of ion. 
waves excited by an applied electric field. It 
was shown in the previous section that 
characteristics of ion waves are varied with 
the drift velocity. As the drift velocity 
increases with time, we find that the growth 
rate of ion wave rises gradually in time. 
The waves thus excited would have charac- 
teristics corresponding to ka~l/Y 2. after 
some appreciable time, since the growth rate: 
exhibits a maximum almost at that point. 
We know from Fig. 3 that the frequency of 
the wave is not sensitive to the drift velocity 
and is slightly below the ion-plasma frequency 
at kA~1/Y 2. According to Dreicer®, the 
drift velocity has been plotted against vt, the 
time normalized by the mean collision time. 
To make a rough estimation for (Eo/Ec)?<1. 
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the drift velocity u/ve may be approximated 
as linearly proportional to vt. In addition, 
we see in Fig. 2 that the growth rate 7/w: 
at kae~1/V 2 is nearly proportional to the 
drift velocity u/ve. Thus we can assume 7/o: 
proportional to vf. For a given wave number 
k, we have the component of electric field 


Ext)=Ex(0) exp| | {ral0)-+ion(d}at | (5.1) 


where 7x and wox are obtained in Figs. 1-3. 
By the assumption just mentioned, 

7u(t)/wi~ A(R)vt . 
Hence 


(vt)? . 


vt ; 
| reat = An | vidi eee 
2 v Jo yAD) 


The electric field is written as 
Ried = | zx o)exn| Si(o1)*A(k)+ ike —ont) [de 
vy 


(5.2) 
where a slight change of wox with time is 
neglected. Since A(k) has its maximum at 
kie~l/Y 2, the saddle point method yields 
the result for a large value of vt, 

Ary 1/2 7 
wes) vt 


Et, EO 


<(ayigo) | FA) (ut)? Jexplillenz —Wok mt) ’ 
v 


(5.3) 
where km is the value of k which is close to 
1/\/ 24 and corresponds to the maximum of 
y and where A’’(k)=d?A(k)/dk*?. Thus for a 
sufficiently large vt, E(z, t) is grown up to an 
exceedingly high level, in which the linear 
theory employed here breaks down. We have 
to go back to the fundamental equations, 
taking into account of the non-linear terms. 
If the growth of oscillation would be permis- 
sible up to very large amplitude, it would 
have an important effect on the consequences 
of runaway phenomena. 

Finally let us examine the condition hitherto 
employed for the approximate treatment of 
the present paper. The conditions are 


Ss vecuenae babi E ype (3.1) 
( 1 ) Foo at < Dv; 
MVeO 
(iii) v<lol . 


The last one is necessary for collisional terms 
in (2.11) and (2.12) to be negligible and also 
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necessary for oscillations to sustain over many 
cycles. (i) is a necessary condition for quasi- 
stationary approximation, while it will turn 
out that (ii) gives a sufficient condition in a 
wide range of electron velocity. 

In the limit of neglecting collisions, we 
obtain foo, for which the Maxwellian form 


peas te exp | — 2 
ae Se JEN) 
V & Ve Ve ‘ 
is assumed initially, where u(t)=e|Eo|t/m and 
Eo is constant. Hence 


Lo Ofen 2{v—u(t)} e|Eo| 
eal aot Ve Mve 


As we are considering the case of Ut)Sve, 
the condition (i) is satisfied if (ii) holds except 
for the velocity range of vSve. The particle 
number belonging to the range of vv. is so 
small that their effect would be resonably 
discarded. 

Owing to the effect of collisions, the tem- 
poral change of u(t) becomes slower than that 
in the absence of collisions. Thus we may 
take (ii) as a still more sufficient condition. 
The condition (iii) is independent of (i) and 
(ii), but it is related with the parameter E)/E- 
representing the strength of applied electric 
field. In fact (ii) is written as 


vEo | eke 
ole MVUev 


By the definition of Ex, (2.10), it becomes 


vo 
woke 


Since »v/|#|<1, the condition (ii) is consistent 
with (iii) at least for |Ao|E-<1. If v/lo| is 
extremely small compared to unity, a con- 
sistent case exists even for |/o|/E->1. 

Strong oscillations observed in the Stel- 
larator'? may probably be instabilities of this 
type. Kovrizhnykh remarked® that instabili- 
ties he discussed correspond to the short-life 
time in the Stellarator. However it should 
be noted that the electric field applied in the 
Stellarator was not so strong as to allow the 
treatment by Kovrizhnykh, but it was so 
weak as to satisfy the criterion presented in 
this investigation. 


<aly 


mali 
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Design, construction and operating characteristics of an ammonia beam- 
type maser are described with particular emphasis on the J=3, K=2 


line. 


The maser with an eight-pole focuser of 40cm lengh starts oscilla- 


tion on the 3, 2 line at a focuser voltage of 5.6 kV when the maximum 

available source flux of about 1.21018 molecules per second is used. 
Threshold conditions of oscillation as functions of the focuser voltage, 

lengths of the focuser and of the cavity are calculated by the theory on 


the Maxwell velocity distribution. 


The observed frequency-change with the cavity tuning and with the 


focuser voltage is compared with theory in some detail. 


The effect of 


traveling wave component in the cavity and the pulling due to cavity 


tuning are calculated. It is shown 
focuser voltage becomes very small, 


$1. Introduction 

Ammonia molecules which are effused from 
a beam source travel through a inhomogeneous 
field in the focuser. The focusing field selects 
only the molecules in the upper inversion state 
so that they can emit microwave energy in 
the cavity which is resonant at an inversion 
frequency of ammonia. Since the first maser” 
was constructed at Columbia University, the 
ammonia beam maser has been studied ex- 
tensively in several laboratories. 

A theory on the uni-velocity assumption can 
explain some of the fundamental characteristics 
of the beam-type maser”, but the distribution 
of molecular velocities must be taken into 
account in order to interpret its detailed per- 


that the frequency shift with the 
when the beam flux is reduced. 


formance. A theory of the beam-type maser 
on the Maxwell distribution of molecular ve- 
locities at the entrance of the focuser has 
been developed by using realistic assump- 
tions®):*), 

The ammonia beam maser is a very stable 
oscillator at a frequency near 24 Gc. A fre- 
quency stability of 1x10-° or better for a 
period of several hours has been obtained with 
a carefully constructed cavity resonator and 
with its temperature control®».®. However, 
when the J/=3, K=3 line of N*Hs is used, 
the determination of the line center is found 
to be uncertain”.*).. by more than +200 cps 
or +1x10-*. From a theoretical investigation 
on the assumption of the Maxwell velocity 


1961) 


distribution, the complicated frequency shift 
of the 3,3 line maser was explained as the 
effect of unresolved hyperfine structure due 
to the electric quadrupole moment of N' 
nucleus”. 

It was suggested to use the 3,2 line, because 
the quadrupole hyperfine structure vanishes 
as eqQ{1—3K?*/J(J+1)}=0, only when J=3 
and K=2*, The maser on the 3,2 line was 
first constructed by Bonanomi et. al. and show- 
ed better stability”. Another possibility to 
improve the accuracy in determining the line 
center is to use ammonia of concentrated 
N*Hs. 

The aim of the present series of papers is 
to describe fairly complete characteristics of 
ammonia beam masers. In particular, studies 
on the 3,2 line will be described in some 
detail. The previous works (2), (3) and (7) 
will hereafter be written as SWT, I and II, 
respectively. 


§2. Description of Apparatus 


The construction of the apparatus is similar 
to that reported in II, except for a few im- 
provements. The yacuum chamber is a 
vertical tube of 9cm diameter which is directly 
connected to a 4-inch oil diffusion pump. 
Vertical and horizontal cross-sections of the 
maser are shown in Fig. 1 and in Fig. 2. 


VLA 


20 


| FOCUSER 


10 


Fig. 1. Vertical cross-section of the maser 


Characteristics of an Ammonia Beam Maser 


1729 


The eight-pole focuser is made of steel rods 
of 3mm diameter and 40cm length, the 
diameter of the focusing field being 10mm. 
Neither special polishing nor cleaning of the 
electrode was carried out. When the high 
voltage is applied in push-pull to the alternate 
electrodes, the breakdown voltage is over 25 
kV, but it is about 20kV, when either four 
electrodes are grounded. Thus the maser 


was normally operated at a focuser voltage 
below 18 kV. 


Fig. 2. Horizontal cross-section of the maser 
(focuser). 


In order to trap the scattered molecules the 
focuser is surrounded by a copper cylinder of 
1mm thickness which is cooled by two straight 
tubes of 10 mm outer diameter which are filled 
with liquid nitrogen. The two tubes are con- 
nected to the bottom plate of a liquid nitrogen 
reservoir. 

The nozzle of the beam source is construct- 
ed from a bunch of holes of 1mm diameter. 
The insertion of cold diaphragms between the 
source and the focuser is quite effective in 
decreasing the scattered molecules around the 
focuser and in increasing the effective beam 
intensity. With a single diaphragm which 
was used for the 3,3 line maser, the maximum 
available source flux was about 5x10!7 mo- 
lecules per second without considerably in- 
creasing the collisions of molecules in the 
beam. When two diaphragms of 1mm thick- 
ness with a separation of 10mm as shown in 
Fig. 1 are used, the maximum source flux is 
about 1.1~1.2x10'!® molecules per second. 

The cylindrical cavity resonator of TMoto 
mode has been exclusively used since it gives 
the best performance. The cavity is 12cm 
in length and nearly 10mm in diameter. The 
inlet and outlet holes for the beam are 8mm 
in diameter and 10mm in length. A coupling 
hole to the waveguide is about 2.1mm in 
diameter through the cavity wall of 0.5mm 
thickness. 

The cylinder is slotted lengthwise to allow 
a rapid tuning by thermal expansion of the 
wolfram wire of 0.2~0.25mm diameter. The 
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cross-section of the cavity to show the method 
of thermal tuning is illustrated in Fig. 3. . The 
length of the wolfram wire was so chosen 
that the thermal expansion of the copper 
cylinder due to a change of the ambient tem- 
perature can be compensated by the small 
expansion of wolfram. The wolfram wire is 
heated by an 800 cps feedback bridge oscillator 
which stabilizes the temperature of the wolf- 
ram wire, since its resistance increases with 
temperature. A schematic diagram is shown 
in Fig. 4. 

The measured value of the loaded Q of the 
cavity was between 7000 and 9000 depending 
on the size of the coupling hole. The maser 
starts oscillation on the 3,2 line with a mini- 
mum focuser voltage of 5.6 kV at the maxi- 
mum source flux of about 1.2x10'® molecules 
per second. The cavity can be tuned in the 


Fig. 3. Thermal tuning of the cavity. 
oe WIRE 
Fig. 4. Bridge oscillator for thermal tuning. 
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-500}- 
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Fig. 5. Variation of the maser frequency with 


the heater current. 
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frequency range of over 10 Mc. An example 
of the pulling of the frequency of the maser 
with the heating current through the wolfram 
wire is shown in Fig. 5. 

If the source pressure is increased beyond 
the optimum value of about 2 mmHg, the 
threshold focuser voltage rises because of the 
increase of collisions of molecules in the beam. 
The tank pressure was measured by an ioniza- 
tion gauge connected to the vacuum chamber 
through a tube. Therefore, the indicated 
pressure by the gauge must be smaller than 
the actual gas pressure in the chamber which 
is still smaller than the pressure around the 
beam in the focuser. 


§3. Beam Source 


Several quantities which describe the in- 
tensity of the beam are defined and their 
relations are discussed in the following. 

The number of molecules which flow out 
of the source in a unit time into a small solid 
angle d2 is written as S(2)d2. The direc- 
tivity of the source is expressed by the angular 
dependence of S(2), which usually takes a 
maximum value S(0) along the axis of the 
focuser. 

The total source flux is therefore given by 
S=SS(2)d2. This is equal to the number of 
molecules which must be supplied to the source 
in a unit time. When the molecule is effused 
from the source surface which is perpendicular 
to the axis, it will take any direction with 
the same probability so that 


S= |S) cos 6dQ 


x/ 
2 i "2nS(0) cos 6 sin 6dd=2S(0). (1) 


If the diaphragm is placed between the 
nozzle and the focuser, the source that is 
the starting point of the molecular trajectory 
should be taken in the hole on the diaphragm. 
The source flux S(2) will therefore be con- 
sidered as a number of molecules coming out 
through a hole on the diaphragm in a unit 
time irrespective of their rotational states. 

On the assumption that the velocities of 
molecules in the hole on the diaphragm is 
given by the Maxwell-Boltzmann distribution*, 


* It is not correct nor necessary to assume that 
the Maxwell distribution holds for molecules with 
velocities at a large angle from the axis. 
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the density of molecules in a particular rota- 
tional state designated by J and K is 


NU, = 47, K)=2 SO 57, K), 
(2) 


where f(/, K) is the fraction of molecules in 
the upper or lower level of the inversion 
doublet, As the source area and a the most 
probable velocity. The N(/J, K) may be called 
the density of molecules in the source. The 
values of f(/, K) for ammonia at a room tem- 
perature are /(3,3)=3.24% and (3, 2)=1.47%. 


§4. Focusing or State-Separation 


Molecules in the upper inversion state are 
deflected towards the axis by the electrostatic 
field in the focuser, while those in the lower 
state are deflected away. Thus the focuser 
acts as a state-separator. The flux of state- 
separated beam which enters the cavity has 
been calculated in I. Since the state-separa- 
tion is not complete for molecules having large 
velocities, the difference of the beam flux of 
the upper state molecules and that of lower 
state molecules must be considered. Calcula- 
tion of the excess flux of molecules in the 
upper state has been carried out’) by using a 
simple and practical criterion for the velocity 
selection as given by (2.9) in I. 

As was discussed in I, slower molecules 
have larger probability of making transitions 
while they stay in the cavity, and the effective 
beam intensity, “eg, may be defined by 

Net =—— Cs 
<v»? 
where w is the state-separated beam flux, and 
<v> the effective average velocity. 

According to Eqs. (2.14) and (2.15 a or bd) 
in I, the effective beam intensity can be 
calculated in a reasonable approximation as 


(3) 


2) 
aa Aia|L.ovi2—exp\ —@)—(1 +a") 
x Ei(—a@?)+1n a? +a’ Ei(—8")] , (GAS) 
where A: is the area of inlet hole of the 
cavity, L the length, R the radius of the 
cavity. Two parameters are 

_L ve 2% 1 ve 

agi a ug zx KR’ a 
where ve is the critical radial velocity, / the 
length and R’ the radius of the focuser. 


Neff = 


>? 
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Equation (4) may be rewritten from (2) in 
the form 


Ay R? 


Het a SIT, K) Wa, 6), (5) 


a, b)=1.5772—exp (—a®)—(1+a?) Ei (—a?) 
+1n a?+a? Ei (—6b?*). (6) 
The threshold value of the effective beam 
intensity to start oscillation in the cavity 


which has a quality factor Q has been given 
by Eq. (3.6) in I. 


~ No ae hee A 

(vo»” 4n°PQL 
This equation is essentially the same as Eq. 
(30) in SWT. Then a variable @ which is 
defined by 


(7) 


Nth 


0=V (@—w)? +x? 2) (8) 
is related to the effective beam intensity in 
the form given by Eq. (3.8) in I as 
et ee 
tin  sin?@> 


(9) 


Now the theory is compared with experi- 
mental results. The observed amplitude of 
oscillation on the 3,2 line is shown in Fig. 6 
as a function of the focuser voltage. The 
result in Fig. 6 was obtained when the cavity 
is tuned to the frequency of the line so that 
wo—w<x. If the molecular velocity is con- 
stant, the value of 6 must be proportional to 
the observed amplitude which is the relative 
magnitude of the rf field in the cavity. The 
theoretical saturation curve given by Eq. (31) 
in SWT or Eq. (9) does not fit the experi- 
mental results, if a change in the effective 


RELATIVE AMPLITUDE 


1S 20 
FOCUSER VOLTAGE kv 


Fig. 6. Amplitude of oscillation on the 3, 2 line 
plotted against the eight-pole focuser voltage. 
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average velocity with the focuser voltage is 
not taken into account. The value of .6 for 
O-W<Xx is 
= Sab Ls BL E 

2v> 2hiv> 
The effective average velocity was given by 
Eq. (2.24) in I in a fairly good approximation 
as 


(10) 


_ aL +e 
Ao) 2xR i 
where R=R’ is assumed. Calculated values 
of ve from a weighted average of M®* are 
shown in Fig. 7 for the J/=3, K=2 state in 


: ~~ 
3 
hacer 
a 


Cy 


fe) i0 20, . SOKV 


Fig. 7. Critical radial velocity of ammonia for 
J=3, K=2, <M*>=7 in an eight-pole focuser 
with R=0.5cm. 
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an eight-pole focuser. 

By assuming a proportionality factor between 
the observed amplitude and x, values of 6?/sin? 
can be computed. They are shown in Fig. 8 
together with a theoretical curve of Meff/nth 
calculated from Eqs. (5) and (7). Theoretical 
values were calculated for a threshold focuser 
voltage of 5.8 kV. 

The threshold value of the effective beam 
intensity for the 3,2 line is calculated from 
Eq. (7) when Q=8000, L=12cm and a=5.3 
x10‘ cm/s to be 

az 
(vo9* 
Then the source flux which fits the experi- 
mental results in Fig. 7 or Fig. 8 is calculated 
as S=1.1x10'* molecules per second in con- 
sistent with the observed flow rate which was 
only crudely measured. 


Nth=No ~1.65x10"* molecules/sec. 


§5. Design Considerations 


In order to get oscillation on a weak line 
the maser must be carefully designed. Since 
the velocity distribution theory has been found 
to be good as described in the former section 
and in II, design considerations according to 
this theory are given below. 

There have been some discussions about the 
choice of the number of poles of the focuser. 
The maximum electric fiield on the electrode 
and the transparency that is the relative area 
of the gap between electrodes have been dis- 
cussed. However, it must be remarked that 
the scattering of molecules is the most im- 
portant factor in obtaining a strong 
beam intensity. 

When the Stark energy is propor- 
tional to the square of the electric 
field, the focusing force in a quadru- 
pole focuser is proportional to the radial 
distance vy of the molecule. There- 


fo) 5 jow eas 
Fig. 8, 
values of 67/,4n2 6. 


2oKV 


Theoretical values of “eyy/nen and experimental 


fore, molecules which leave the source 
at a point other than that on the axis 
are not well focused. 

The force in a 2n-pole focuser is ex- 
pressed by 


Po y2n—s F 


Hence the focusing force in an eight- 
pole forcuser is proportional to 7° and 
it is very small (less than 8%) in the 
region where 7<0.6R. Then, the 
focuser can accept broader beam from 
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the source and the distribution of upper-state 
molecules in the focused beam is broader than 
in the quadrupole focuser for which the mole- 
cules are more concentrated on the axis. For 
the same total beam flux, therefore, the maxi- 
mum density of molecules is smaller in the 
eight-pole focuser and also the gas pressure at 
the entrance of the focuser is more reduced. 

Because a focuser of too large number of 
poles produces essentially no electric field in 
the region near the axis, the molecules in the 
lower state cannot be removed from the beam. 
The effective beam flux is reduced by the 
presence of lower state molecules and by the 
increase of scattering by collisions between 
molecules. 

The best number of poles depends on the 
focuser voltage and the Stark behavior of the 
molecule, but the eight-pole focuser is con- 
sidered to be near the optimum in most cases. 
The six- or ten-pole focuser would be as good. 

It is true that the focusing criterion of 
velocities given in I as 


Ur <Ve and PSE 
Ae 


PR’ 
must be somewhat modified for a 2n-pole fo- 
cuser with 2744. As far as the limiting 
trajectory is concerned, one might suppose 
that the factor 2/z should be replaced by unity, 
when 2n is large. However, a more plausible 
estimate for the average molecules becomes 
rather close to 2/z, when the distributions of 
the starting points and of the directions of the 


molecular velocities are considered. There- 
at=1.0 
15 o8 
0.6 
y 
LO 04. 
02 
Qs 
eh 
0 2 4in=zR 6 


Fig. 9. Effective beam intensity vs. length of the 
focuser. 
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fore, expressions obtained in II and in §4 may 
be used for multipole focusers as well. 

The theory allows an evaluation of the 
change in the effective beam intensity with 
the length of the focuser, /. Calculated values. 
of (a, b) which is proportional to the effective 
beam intensity as given by Eq. (5) are shown 
in Fig. 9. 

Although Eq. (6) was obtained on the as- 
sumption of a@<b, the result may be extra- 
polated to /=L. Besides, another simple 
estimate is employed to draw curves in the 
range between /=Oand L. It can be concluded 
from these curves that the focuser length of 
2 to 4 times as long as the length of the 
cavity is usually sufficient. It is noted that 
the saturation with the length of the focuser 
is slower at the lower focuser voltage. 

Now the performance of the maser against 
the length of the cavity L is considered. 
Although the threshold beam intensity de- 
creases with the increase of the cavity length, 
a very long cavity is not useful, because the 
velocities of molecules in the beam are not 
parallel but divergent. The threshold source 
flux against the cavity length L is calculated. 
from Eqs. (5) and (7) in the form 


8H, (=20 cm 
14 
rol 
s 7kV 
12 


10 
8 lO KV 
6 
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Fig. 10. Threshold source flux for the 3, 2 line 
vs. cavity length when /=20 cm. 
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where Ai=As is assumed and 
(ies ho? A 
An®*Q) 


is a constant, if a small change in @ of the 
‘cavity with its length is neglected. Some 
examples for the 3,2 line of ammonia are 
illustrated in Figs. 10, 11, and 12. They are 
culculated for Q@=8000, a=5.3 x 10‘cm/s, R=0.5 
cm, and J/=20, 30, 40cm respectively. 

These curves show very clearly the optimum 
length of the cavity. The higher the focuser 
voltage the larger the beam divergence, hence 
‘the cavity length must be smaller. The above 
calculation has neglected collisions of molecules 
which become more frequent in a long cavity. 
“Therefore, the optimum cavity length in an 
actual case would be somewhat shorter than 
that can be found from these curves. 

In conclusion, it may be noted that the 
“experimental apparatus described in §1 (/=40 
cm and L=12cm) is very near the optimum 
design. 

Finally, the evaluation for the 3,3 line is 
mentioned. Because the Stark shift is deter- 
mined by the value of uAME/J(J+1), three 
ecurves corresponding to focuser voltages of 
Vs=7, 10, and 15 kV for the 3,2 line must 
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Threshold source flux for 1=30cm. 


Koichi SHIMODA 


(Vol. 16, 


have the same form for the 3,3 line at voltages 
2/3 times the above values, those are 4.7, 6.7 
and 10 kV respectively. The ordinate must 
be multiplied by a factor 


£(3,2)  g(3,3)_ 

F(3,3)  g(3,2) 
when the quality factor of the cavities are 
equal. 

The threshold flux as a function of the 
eight-pole focuser voltage is shown in Fig. 13 
for the 3,3 line. The observed threshold volt- 
age of Vs=2.4 kV reported in II with an 
estimated source flux of 5x10!” molecules per 
second is in good agreement with theory. 


OraZe, 
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Fig. 13. Threshold condition for the 3, 3 line. 
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Another example obtained by a small maser 
of /=10cm and L=3.2cm gave the minimum 
threshold voltage of 4.85 kV", which is also 
consistent with the theoretical evaluation. 


§6. Frequency Shifts 
The frequency shift of the 3,2 line maser 
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Fig. 14. Frequency shift vs. forcuser voltage, 
S=9 x1017 5-1. 


200 
cps 


100 


FREQUENCY SHIFT 
(@) 


-100 


meee 5, 10 15 Ky 
Ve 


Fig. 15. Frequency shift vs. focuser voltage, 
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was measured by beating with another similar 
maser. Comparison of its frequency with the 
frequency standards will be reported shortly. 

Typical results of the frequency shift with 
the focuser voltage and with the cavity tuning 
are shown in Fig. 14 and Fig. 15, where each 
curve corresponds to a different cavity tuning. 
Fig. 15 was obtained with the maximum source 
flux of about 1.2x10'* molecules per second 
and Fig. 14 was for a somewhat reduced 
source flux. 

Comparison of these curves with Fig. 11 
in II shows that the 3,2 line allows a more 
accurate setting of the line center. However, 
the presence of frequency shift due to the 
traveling wave component in the cavity make 
it difficult to find the line center within an 
accuracy of better than +1x10-® from such 
results. A theoretical explanation will be 
given in §7. 

Some additional causes of the frequency 
shift of the maser were observed. The one 
is the frequency shift caused by the Stark 
effect due to the stray electrostatic field of 
the focuser. It is true that the fringing field 
of the focuser does not intrude inside the 
cavity, but an appreciable amount of the rf 
field is protruding out of the inlet hole of 
the cavity, where the electrostatic field 
produced by the focuser is not negligible. 
Thus molecules which emit rf energies near 
the inlet hole of the cavity tend to shift the 
frequency of oscillation. 

This type of Stark shift is estimated to be 
much smaller than the traveling wave effect, 
but it was experimentally measured by using 
a dummy focuser which was placed at a dis- 
tance 3mm from the cavity. The observed 
increase of frequency with the dummy focuser 
voltage is shown in Fig. 16. This shift is 
proportional to the square of the focuser 
voltage as expected. 

Since the operating focuser is actually about 
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Fig. 16. Stark shift of the maser oscillation due 
to the fringing field. 
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9mm away from the cavity, the Stark shift 
at a focuser voltage of 15 kV is estimated as 
+2cps. This Stark shift can be made smaller, 
if the potentials of the alternate electrodes of 
the focuser are +V/2 and —V/2. Insertion 
of a shielding diaphragm between, the cavity 
and the focuser would considerably reduce 
this effect. 

The other type of the observed frequency 
shift is the effect of the background pressure. 
The change in the oscillating frequency caused 
by the leakage of air into the vacuum tank 
was measured in the pressure range between 
3x10-‘mm Hg and 1x10-*mmHg on the 
reading of an ionization gauge. 

The observed frequency shift was found to 
be approximately proportional to the tank 
pressure and to the amount of frequency 
pulling fm—fo, where fm is the oscillating 
frequency and fp the line center. An em- 
pirical equation for the frequency change 4 fp 
caused by a pressure increase of p mmHg 
was obtained in the form 


Af p=2 x 10 fm—fo)p 
in cycles per second. 

This type of frequency shift can be ex- 
plained by the increase of the cavity pulling 
due to the decrease of the amplitude of oscil- 
lation through the reduction of the beam in- 
tensity by scattering of molecules. Eq. (12) is 
not accurate, since the observed tank pressure 
may be in error, and because it could not be 
kept constant while the frequency was meas- 
ured under a deteriorated vacuum. Besides, 
frequency changes of less than a few cycles 
per second corresponding to small amounts of 
pulling were not measured. 

Another type of frequency shift is a small 
change in frequency due to the collision be- 
tween ammonia molecules, and it will be dis- 
cussed in a paper which will appear shortly. 


(12) 


§7. Calculation of Traveling Wave Effect 


The presence of traveling wave component 
corresponding to a small net power flow in 
the cavity produces a frequency shift due to 
its Doppler effect. A basic analysis of this 
type of frequency shift has been given by 
SWT. Even when the output waveguide is 
coupled to the cavity at the middle of its 
length, the power emitted by molecules flows 
against the direction of the beam when the 
rf amplitude is small, whereas it flows in 
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the forward direction when the amplitude is 
large so that most of the molecules deliver 
their energy in the former part of the cavity. 
Therefore, the frequency shift due to the 
traveling wave effect is negative for the case 
of little saturation, and positive for high 
saturation. 

Now the variation of traveling wave com- 
ponent with saturation is calculated. A crude 
calculation reported before!”) is reformed as. 
follows. The rf power lost by the cavity wall 
is distributed along the length of the cavity 
depending on the distribution of the rf field. 
The output power is of course lost from the 
cavity through the coupling hole. The average 
position of the power dissipation is written as 
Z, a distance measured from the inlet hole 
of the cavity. Hence for a cavity of sym- 
metrical mode with output waveguide at the 
middle of its length Z is equal to L/2. 

The power delivered by molecules at a dis- 
tance z from the inlet hole flows in the average 
to the forward or backward direction accord- 
ing as the sign of Z—z. Besides, the magni- 
tude of power flow is proportional to Z—z. 
Therefore, the total power flow in the cavity 
is given by 


Dh 
P, =K\| Zweite 
0 


de. (13) 


because the power emitted by molecules be- 
tween z and z+dz is proportional to 


. 20x 
sin 


ie. 


in the TMo1o cavity”. The stored energy is 


waK2el li a IE 


Wo 


sin dz, (14) 


0 
where K is the same constant as in Eq. (13) 
and the resonant frequency of the cavity 
w,/2 is taken equal to the transition frequency 
of the molecule. 

Then the amount of the traveling wave 
component expressed by Q; is calculated from. 
Eqs. (13) and (14) as 


BG wwe 1 Be — 20—sin 20 


Ve 20(1—cos 20) \ 1 


Q wW Q 
(15) 
Equation (15) may be rewritten as 
Q 1 
ae ii) \ 
Q fi) aes 


where 
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and 
20(1—cos 26) 
Ne 
FO= 6 sin26 
which is the function illustrated in Fig. 2 in 
SWT. 
The frequency of oscillation w’ shifted by 
the traveling wave effect is calculated by Eq. 
(55) in SWT which can be written as 


w—ea — 4rvL 1 
st [3 ; 740) | (17) 
Substitution of Eq. (16) gives 
ayet geyxL Pe) ve) 
wo 2c i E HON ZG a| 
(18) 


Variations of the frequency shift due to the 
traveling wave effect with the values of @ and 
d are illustrated in Fig. 17. 


Sy (i 


(4-f2 (6) If f2(@) -d] 


a 


O 1.0 Q 20 


Fig. 17. Graphical representation of [4—f2(6)] 


x [fo(0)-*—d]. 


The observed frequency of a maser on the 
3,2 line or on the line of N‘°Hs includes both 
the traveling wave effect and the cavity 
pulling. The frequency pulling by the cavity 
was theoretically obtained by SWT after a 
slight modification as 
= 224 fgg). 2% , 

moe Cabl: Wo 


o-w 


(19) 


Wo 
where w is the frequency of the maser, we the 


resonant frequency of the cavity. 
From Eqs. (18) and (19) the theoretical fre- 
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quency shift due to the cavity pulling together 
with the traveling wave effect can easily be 


computed. Numerical results for the values 
200 
S=11x 108s"! 
d=05 
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Fig. 18. Theoretical frequency shift vs. focuser 

voltage for d=0.5, S=1.1x1018s—-1, Q=8000, 
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voltage, S=2.2 x10!8 s-!, 
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of vo =22.834 Mc, Q=8000, L=12cm, v=6x 10! 
cm/s, and d=0.5 are shown. Fig. 18 shows 
the frequency shift with the focuser voltage 
for a source flux of S=1.1x10!® molecules 
per second corresponding to the threshold 
voltage of 5.8 kV. This may be compared 
with the experimental result of Fig. 15 which 
shows a little larger increase in frequency 
with the focuser voltage. 

It is found that the character of the fre- 
quency shift strongly depends on the beam 
intensity. The frequency shift corresponding 
to the increased source flux of S=2.2x 10" 
molecules per second is larger as shown in 
Fig. 19. Hence it seems reasonable to con- 
clude that the experimental characteristics of 
Fig. 15 for the threshold voltage of 5.6 kV 
is quite consistent with this theory. 
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Fig. 20. Theoretical frequency shift vs. focuser 
voltage, S=5.5x1017 s-1, 


A reduction of beam intensity by a factor of 
two results in the threshold voltage of 10 kV. 
The frequency shift calculated for S=5.5 x 10" 
molecules per second is shown in Fig. 20. It 
is rather surprising to see that the change of 
frequency becomes extremely small in this 
case. A middle curve in Fig. 20 shows that 
the frequency changes by less than -+0.3 cps 
in the range of focuser voltage between 11 
and 19 kV. 

Compared with Fig. 15, Fig. 14 shows smaller 
voltage dependence of the frequency. This 
can be considered as an exprimental evidence 
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of the theoretical result. However, it cannot 
be concluded that the stability as shown by 
Fig. 20 is exactly realizable, since the theory 
did not take the velocity distribution in calcu- 
lating the traveling wave effect. Also there 
are causes of frequency shift which were not 
included in the result of Fig. 20. 

Concerning the ‘stability of the absolute 
frequency, it may be remarked that even 
when the waveguide is coupled to the cavity 
at the middle of its length, the effective value 
of Z is not equal to L/2 because of some 
possible inhomogeneity of the rf field. For 
example, if the rf field is weaker in the part 
of the cavity near the focuser, the effective 
value of Zis smaller than L/2 and d is larger 
than 0.5. The frequency characteritic for a 
large value of d=0.7 is shown in Fig. 21, 
where the apparent line center is about 50 
cps lower. 
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Fig. 21. Theoretical frequency shift vs. focuser 
voltage for d=0.7, S=5.5x101% st. 


Determination of the line center by the 
magnetic perturbation method will be dis- 
cussed in the paper which follows next. Ex- 
perimental results on the stability, resettabili- 
ty and reproducibility of the 3,2 line maser 
will also be discussed. 


Acknowledgment 


The author wishes to express his apprecia- 
tion to Mr. Noboru Kohno who assisted in the 
construction and operation of the apparatus. 


1961) 


References 


1) J.P. Gordon, H. J. Zeiger and C.H. Townes: 
Phys. Rev. 99 (1955) 1264. 

2) K. Shimoda, T.C. Wang and C.H. Townes: 
Phys. Rev. 1062 (1956) 1308. 

3) K. Shimoda: J. Phys. Soc. Japan 12 (1957) 
1006. 

4) H.G. Venkates and M. W.P. Strandberg: J. 
Appl. Phys. 31 (1960) 396. 

5) R.C.Mockler and J. A. Barnes: 
6078 (1959). 

6) A.M. J. Mitchell, K.G. Roots and G. Phillips: 
Electronic Tech. April 1960, P 136. 


NBS Report 


Characteristics of an Ammonia Beam Maser 


1739 


7) K. Shimoda: J. Phys. Soc. Japan 13 (1958) 


939. 
8) J.C. Helmer: J. Appl. Phys. 28 (1957) 212. 
F.S. Barnes: Proc. I. R.E. 47 (1959) 2085. 


9) J. Bonanomi, J. De Prins, J. Herrmann et P. 
Kartschoff: Helv. Phys. Acta 30 (1957) 492. 

10) J. Bonanomi et al.: Helv. Phys. Acta 31 
(1958) 286. 

11) K. Shimoda: Report on Atomic Frequency 
Standard 1 (1958) 17, (in Japanese). 

12) K. Shimoda: Proceeding of Conference on 
Quantum Electronics 1 (1960) 25. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 9, SEPTEMBER, 1961 


Optical Study of Aniline Hydrobromide Single Crystal 


By Tsuruji IwaAl 
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A domain structure previously concluded by an X-ray study of aniline 


hydrobromide was directly confirmed by optical means. 
walls were found to move easily by a shearing force. 


The domain 
The temperature 


dependence of the extinction angle was obtained. The thermal transition 
of transparency was measured, and interpreted on the basis of the do- 
main structure. The refractive indices were also measured. Although 
the double refraction was found to be fairly large, any anisotropy of 
optical absorption was not detected within the limit of experimental 


error. 


§1. Introduction 

According to an X-ray investigation reported 
by Taguchi,” aniline hydrobromide is ortho- 
rhombic above 27.5°C, and is monoclinic below 
this temperature. His conclusion is that be- 
low the transition temperature crystals which 
appear to be single crystals in the macroscopic 
observation consist, in fact, of domains hay- 
ing two different orientations, the b- and c- 
axes in common. On passing upward the 
transition temperature, the domains disappear 
and the crystals transform into orthorhombic 
single crystals. 

The axial angle 8 was found to vary re- 
versibly with temperature, in the range from 
the transition temperature down to about 
—60°C. Finally he concluded on the basis of 
the crystal structure below and above the 
transition temperature?) that this phase 


transition is of the type of order-disorder 
associated with the hydrogen atom bound to 
the nitrogen atom. This point of view has 
recently been confirmed by a specific heat 
measurement.*) A dielectric measurement 
seems to support this point of view.” 

The method of the “Thermal Transition 
of Transparency” developed by Horie et 
al..-” has been proved to be very useful to 
elucidate the temperature variation of a 
domain structure. In the following, a study 
on the domain structure of aniline hydrobro- 
mide by means of the method of the thermal 
transition of transparency, together with 
other optical properties of the same material 
will be given. 


§ 2. Optical Observation of Domain Structure 


A microscopic observation of thin specimens 
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was carried out, in order to confirm the ex- 
istence of the domain structure reported by 
Taguchi.” 


1) Domain Structure and Temperature De- 
pendence of Extinction Angle 

Crystals of aniline hydrobromide used in 
this investigation were prepared by slow 
evaporation from a methyl alcohol solution. 
They show apparently the orthorhombic sym- 
metry, predominant faces being {100} and 
{001}. These crystals did show any domain 
structure, even when viewed at right angles 
to the a- or c-faces under the polarizing 
microscope. This does not contradict to the 
conclusion given by the X-ray investigation, 
because if the domain walls are all parallel 
to the dbc-plane, the extinction positions for 
all of the domains coincide with each other, 
as far as the a- or c-faces are concerned. 
However, a plate which was cut parallel to 
the b-plane and carefully polished did actually 
exhibit a polydomain structure at room tem- 
perature, and it was found that the domain 
walls were all parallel to the bc-plane. This 
is in good agreement with the conclusion 
given by the X-ray study. The domain struc- 
ture {is caused by the monoclinicity of the 
crystal and is similar to that of the mono- 
clinic tungsten oxide, WO3.°:» The extinction 
positions differ from each other for adjacent 
domains as shown in Photo. 1. Therefore, 
by measuring the angle between these two 
extinction positions at different temperatures, 
the temperature dependence of the inclination 
of the optic elasticity axis to the c-axis, Q, 
can be obtained. The results are shown in 
Fig. 1. 

The variation of » with temperature is 
gradual over a wide range of temperature, 
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Fig. 1. Angle of twice ¢ versus temperature. 
gy: the angle between the optic elasticity axis 


and c-axis. 
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and it is quite similar to that of the axial 
angle §. Any temperature hysteresis was 
not observed. On heating the crystal, the 
domain structure disappears above 27.5°C, 
because each of the optic elasticity axes in 
any one of domains coincides with either a- 
or c-axis in the orthorhombic phase. 


2) Effect of Mechanical Force on Domain 
Structure 

Crystals of aniline hydrobromide are com- 
posed of many domains at room temperature. 
As a result, the c-face has a zigzag structure 
due to the monoclinic angle. If a stress is 
applied in such a direction that the Zigzag 
structure is smoothed out, the domain walls 
are expected to move as was reported for 
the case of WO:;.®) In fact, the domain walls 
were found to move quite easily, even when 
a weak shearing stress was applied. 

Photo. 2(a) shows the domain structure of a 
b-cut crystal placed between crossed Nicols. 
The planes of polarization are shown with 
crosses in Photos. 2, (a) to (f). The domains 
which look dark will be called type I and the 
other type II. When a shearing stress X, is 
applied, the domains of type II begin to grow 
at the expense of those of type I, and as a 
result the zigzag structure becomes smooth 
to some extent, as shown in Photo. 2(b). On 
the contrary, if a stress is applied to the op- 
posite direction, just the reverse process can 
be observed. A successive change in domain 
widths due to increasing shear is shown in 
Photos. 2, (c) to (d). If the shearing becomes 
sufficiently large, the crystal finally assumes 
nearly a single domain structure, as shown in 
Photo. 2(d). When such a crystal having a 
nearly single domain structure is heated 
above 27.5°C and then cooled down through 
this temperature, it shows a _polydomain 
structure again, which is almost similar to the 
original one, as shown in Photo. 2(e). Some 
one of domains becomes a wedge-shaped one 
in the course of vanishment under the in- 
fluence of a shearing stress. An example is 
shown by the arrow in Photo. 2(f). 

§3. Temperature Dependence of Refractive 
Index 


To measure the refractive index of a tiny 
crystal such as barium titanate,!® Chaulnes’ 
method has hitherto been used. This method, 
however, gives only a mean value of the 
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refractive indices. Sawada and Danielson!") 
have modified this method to determine the 
principal indices of refraction, by using plane- 
polarized light. This method was applied to 
a- and c-crystals of aniline hydrobromide 
about 300u in thickness. A tungsten lamp 
was used a light source, because an ordinary 
monochromatic light source was insufficient 
in intensity for this purpose. Especially, the 
multi-domain structure of the monoclinic 


phase makes the measurement extremely 
However, as mentioned above, 


difficult. the 
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Photo. 1. Alternating extinction, accompany with 
different extinction positions (10-2 mm/div.). 
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Fig. 2. Refractive indices versus temperature. 
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domain walls can easily be removed away by 
a shearing stress. The measurement was 
carried out by use of a wide single domain 
region obtained in this way. The results are 
shown in Fig. 2, where the three principal 
indices of refraction are denoted by nz, my 
and mz, respectively. 

Any measurable difference between v, and 
My is not detected and the birefringence 
4n=n,—nz remains unchanged, within the 
limit of experimental error over a wide tem- 
perature range from 70° to about —40°C, and 
besides the following relation holds throughout 
for the two phases: ”,my>mn:z. Thus, ani- 
line hydrobromide is optically negative, in 
agreement with the description of Groth.'” 
The temperature dependence of the refractive 
indices is quite small. However, the observed 
values decrease slightly, as the temperature 
is lowered. A qualitative reason for this 
tendency might be as follows. On cooling 
the crystal, the structural change occurs at 
27.5°C. As the result, the local field which 
is acting on constituents of the crystal and 
effective to the refractive indices also changes. 


§4. Optical Absorption 


In order to see if there is any anisotropy 
of absorption, measurements were made by 
means of a microscopic spectrograph." The 
apparatus is a combination of a microscope 
and a spectrograph, all of the optical elements 
being made of quartz. An iron arc was used 
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Fig. 3. Optical absorption 
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Photo. 2. 


as a light source. The a- and c-crystals about 
3004 in thickness were used as specimens. 
The absorption spectrum for plane-polarized 
light was taken at 30°C. The result obtained 
is shown in Fig. 3, where the light polarized 
in the direction parallel to each of the a-, b- 
and c-axes is called a-, b- and c-polarized 
light. (The direction of polarization is given 
by the direction of electric vector.) The ab- 
sorption curve is rather steep and the thre- 
shold lies at about 27504. Any distinct def- 
ference among the absorption edges for the 
three different polarized lights was not detect- 
ed within the limit of experimental error. 
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Shearing stress effect on the domain structure (10-2 mm/div.). 


In a crystal whose symmetry is lower than 
cubic, the crystalline field splits otherwise a 
degenerate electronic state into its com- 
ponents. This effect causes the crystal to 
give rise an anisotropy of absorption, as has 
been found in several transparent crystals.‘ 
In addition to this effect, another type of 
anisotropy arising from level splitting due to 
intermolecular resonance has also been re- 
ported to take place in some molecular cry- 
stals.") From these points of view, it may 
be concluded that splitting of the electronic 
states in aniline hydrobromide is too small to 
give rise to any anisotropy in its optical 
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absorption.* 


§ 5. 

The thermal transition of transparency 
(T.T.T., for brevity) for aniline hydrobromide 
was observed with the aid of an experimental 
arrangement which has already been described 
in detail.» Natural light from a tungsten 
lamp was projected perpendicularly onto a 
virgin crystal, and its enlarged image was 
focussed by a microscope on a diaphragm 
just in front of a multiplier photo-tube, the 
photo-current of which was magnified by a 
D.C. amplifier. The temperature of the 
specimen was controlled by an electric heater 
and liquid air in a modified Dewar flask. 

A virgin c-crystal about 300” in thickness 
was used as a specimen. As has been men- 
tioned in §2, the virgin crystal does not show 
any domain structure visible under a polariz- 
ing microscope. The T.T.T. obtained is 
shown in Fig. 4, where open circles represent 
the experimental plotting. On cooling the 
crystal down through the transition tempera- 
ture, its transparency decreases at first rapidly 
and then tends asymptotically to a certain 
limit below —60°C. The temperature hys- 
teresis loop associated with the phase transi- 
tion as seen in BaTiO;°)-? was not observed. 


Thermal Transition of Transparency 
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Thermal transition of transparency. 
calculated value by flat boundary surface 
assumption. 

calculated value by zigzag boundary sur- 
face assumption. 


* In some substances such as CdS, BaTiO; and 
WO;, splitting of the electronic level due to the 
crystalline field is estimated by several authors*?? 
at 0.02~0.07 ev. Splitting due to intermolecular 
resonance observed in some crystals of aromatic 
molecules is also of the order of 0.01 ev.15) In the 
present experiment, the experimental error is of 
the order of magnitude of ().03 ev. 
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This T.T.T. curve is quite similar to the 
temperature dependence of the axial angle f. 


§6. Interpretation of T.T.T. 


The T.T.T. of barium titanate has inter- 
preted by Horie e¢ al.) on the basis of the 
domain structure and of crystal optics. A 
similar consideration is now applied to the case 
of aniline hydrobromide. 


Fig. 5. Optical paths in the monoclinic phase (case 
of flat boundary surface). 


When natural light falls perpendicularly 
onto a c-crystal, the light is decomposed into 
two extraordinary waves. The intersections 
of these wave surfaces with the d-plane are 
a circle and an ellipse. If the c-face is assum- 
ed to be flat, only the wave with elliptic sec- 
tion is deflected sideways owing to reflection 
and refraction at a domain boundary, as ex- 
plained in Fig. 5. If the intensity of light 
transmitted through the crystal is called J in 
the orthorhombic phase, and J—d/ in the 
monoclinic phase, a consideration similar to 
that given in the case of BaTiO; leads to the 
following equations: 

1  D\tan 4| 
2 A 


2 
tan o~{(72) ibe, 
Nz 


where D is the thickness of the crystal, 4 is 
the mean domain width and @ is the angle 
of refraction as shown in Fig. 5; and it is 
assumed that g<l. From the measurement 
of the refractive indices, vz/nz was found to 
vary only slightly with temperature. There- 
fore, the change in transparency, d/, is ex- 
pected to depend linearly on y. The values 


ol I (1) 


and 


(2) 
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of nz/nz and y were determined experimentally, 


and the values of D and 4 were obtained by 
microscopic observation as follows: D=290p; 


4=7.7u. On substituting these values into 
the above equations, the curve of T.T.T. is 
calculated, which is shown by the dashed 
curve Fig. 4. However, a remarkable differ- 
ence between the observed and calculated 
values is noticed especially at lower temper- 
atures. 

Eq. (1) is derived under the assumption 
that the crystal surface is perfectly flat. 
Actually, that is not the case owing to twin- 
ning. According to the X-ray study,” 8 varies 
gradually with temperature and becomes 
91°22’ at —110°C and the c-faces in adjacent 
domains make an angle of 2°44’ with each 
other. In such a case, the wave with circular 
section may also be deflected. As a result, 
Eqs. (1) and (2) will be modified as follows 
(see Appendix): 


py~ 2. P(\tan A) + |tan 2) 


(2’) 
and 


tan a.~(1-——)(8—+-) (2””) 
Ny 2 Ws 

where the terms dependent on 48=8—7/2 
show the correction due to non-flatness of 
the c-face. The angle 48 varies in a manner 
similar to » with temperature, as mentioned 
in §2. By use of the above equations, the 
theoretical curve for the T.T.T. is refined as 
shown by the solid curve in Fig. 4. The 
corrected curve is in good agreement with 
the experimental result. 

Consequently, the T.T.T. of aniline hydro- 
bromide can be understood on the basis of 
the domain structure and of crystal optics. 
The T.T.T. method can be applied to virgin 
crystals without any treatment, such as cut- 
ting or polishing which is necessary to make 
a direct observation of the domain structure. 
The T.T.T. method, therefore, is proved to 
be a useful means to investigate the phase 
transition of aniline hydrobromide. 


§7. Conclusions 


(1) A microscopic observation confirms the 
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domain structure which has been concluded by 
the X-ray study. The domain structure is 
due to the monoclinicity as seen in WOs, and 
disappears in the orthorhombic phase. The 
domain walls are all parallel to the bc-plane. 
These results obtained by microscopic obser- 
vation support the-conclusion given by the 
X-ray investigation. In addition, it is observ- 
ed that the domain walls move easily under 
the influence of a weak shearing stress. 

(2) The inclination of the optic elasticity 
axis to the c-axis in the d-plane, , varies 
reversibly with *temperature. The variation 
of ~ is continuous and gradual over a wide 
temperature range, and is similar to that of 
the axial angle 6 given by the X-ray study. 

(3) The transparency also varies gradually 
and reversibly with temperature, and its 
variation is similar to that of the axial angle 
8. Such a behavior can clearly be under- 
stood on: the basis of the domain structure 
and of crystal optics. Accordingly, aniline 
hydrobromide seems to be another typical 
example which proves the T.T.T. method as 
a useful means of optical study of phase 
transition. 

(4) The refractive indices vary slightly with 
temperature. The crystal of aniline hydro- 
bromide is optically negative in both the high 
and low temperature modifications. 
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Appendix 


Correction for Non-Flatness of c-Face 

1) Elliptic section: The incident and the re- 
fracted wave fronts are denoted by OA and 
A’P, respectively in Fig. 6. If assumed 
AA’=1, the coordinates (x1, 21) of the point 
A’ are given by 
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peave ras ee sin (p+ 48) (3) 
sin 48 


If the coordinates of P are denoted by (X, Z), 
the following equation are obtained at once: 

ne?X?t+n2Z2=1, nZXxitn2Zn=1. (4) 
Let @: be the angle between the direction of 
the refracted ray and the z-axis. Then 


xX 


tan Cars Ge F (5) 


From these five equations we have 
tan 0 apy 25 
an (,;= -_ 
{( Nz ) hy 
2 
+(t- (1-2) dp+0(@), 
Nx Nx 


where O(a’) means the term of higher powers 
than the third in ¢ and Jf. 


(6) 


Fig. 6. Optical paths in the monoclinic phase (case 
of zig-zag boundary surface). 


2) Circular section: If the angle between 
the direction of the refracted ray and the 2z- 
axis is called 62, a calculation similar to that 
mentioned just above leads to the following 
equation: 

tan = (1-48 + O(a") 


Ny 


(7) 


The apparatus is insensitive to the beams 
deflected from the direction of incidence to 
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the side by angles larger than 1°30’. Accord- 
ing to a calculation similar to the case of 
barium titanate based upon crystal optics, 
the wave with elliptic section which encounter- 
ed a domain boundary does not fall upon the 
detector at least below 25°C. As for the 
case of circular section, such a condition is 
satisfied at least below 20°C. Hence the 
relation (1’) holds at least below 20°C. 
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In colored LiF crystals, two bands at 320 and 378myp have been in- 
vestigated and assigned as R, and R; bands by the correspondences to 
R bands in other alkali halides. Intensity ratio of the R, band to the 
Rs band is almost constant irrespective of irradiation conditions of f- 
or y-rays as well as of photochemical treatments. Both the bands are 
bleached by irradiation with either R, or Rz light, where the former has 
a higher efficiency for the bleaching. The results support the interpre- 
tation that R, and R, bands are due to transitions in the same center. 
Emission spectra by excitation with R; and R, lights are distinct: the 
latter has a peak at 495 mp and the former at 730 mp or above. 

By polarized R lights, dichroism is induced in the Ri, R2, and M bands 
and also polarization of the emissions is observed. Then symmetries of 
the models which have been proposed as complexes of F' centers are ex- 
amined by the experimental results and it is considered that #';-model 
lying in [111] plane is the most adequate for R center. In addition to 
characteristic M-center luminescence, which has a peak at 710 mp and 
value of 0.6 for P[011], an emission band at 525 my is observed by M- 
light excitation but P-factor for this emission is less than that of the 


M-center luminescence. 


$1. Introduction 


In the alkali halides, it is well known that 
M-, R:-, and R2-absorption bands, which ap- 
pear on long-wavelength side of F band, are 
due to transitions in the electron-trapped 
centers. Among them M band has extensive- 
ly been studied by many authors and the 
model of M center has fairly definitely been 
explained. 

However, two essentially different inter- 
pretations have been put for R bands. In 
1946, Seitz") first proposed that the R: and R2 
bands arise from the F:+ and F» centers, re- 
spectively, consisting of one and of two 
electrons trapped at a pair of adjacent nega- 
tive-ion vacancies. But afterwards, Herman, 
Wallis, and Wallis?) observed constant inten- 
sity-ratio of Ri and R2 bands and considered 
that both R bands arise from transitions in 
the same center. Furthermore, from the 
theoretical calculations based upon Seitz’s 
model, they concluded that F, center is re- 
sponsible for both R bands. Van Doorn? 
proposed single F3-model lying in the [111] 
plane from anisotropic behavior of R-band 
emissions in KCl and NaCl crystals. Recent- 
ly, Pick’) proposed a new idea for the F- 


center associations and suggested three dis- 
tinct transition moments for FR centers on the 
basis of the F3-model. 

On the other hand, Lambe and Compton® 
observed temporary bleaching effects of R 
bands in NaCl crystals under strong auxiliary 
lights and interpreted R:- and R2-absorption 
bands as the transitions in distinct centers. 
Subsequently, Compton and Klick® studied 
more extensively the temporary bleaching 
and concluded that R, M, and WN centers are 
located near each other but one cannot de- 
cide from the temporary bleaching experi- 
ments whether both R: and R: bands are 
transitions in two distinct centers or two 
transitions in the same center. 

In the previous paper, the author and 
others”) have shown that R: and R2 bands in 
LiF crystals are due to two transitions in the 
same center, the symmetry axis of which 
lies along the body diagonal of the crystal. 
In the present paper, the detailed results 
will be reported on correlations between R; 
and #: bands under various conditions in Part 
I, and on anisotropic behaviors of the absorp- 
tion and luminescence of R bands in Part II. 
Hitherto the assignment for R: and R2 bands 
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in LiF crystal has not been confirmed®) and 
no information concerning the luminescence 
of R centers has been reported. Therefore, 
the results will also be reported with these 
respects in Part I. 

Usually R bands are produced by optical 
bleaching of F band in additively colored 
crystals or by prolonged irradiation with 
ionizing radiation. In the case of LiF cry- 
stals, however, the additive coloring could 
not be realized by ordinary procedure, so 
that in the course of the present work only 
ionizing radiations were employed for the 
coloration of the crystals. 


§2. Experimental Procedure 


LiF materials were purified and prepared 
from LiCl and NH.HF, and single crystals of 
LiF were produced by Kyropoulos’ method 
from the melts in a vacuum-type furnance 
whose inner atmosphere was circulated with 
dried nitrogen gas of low pressure®). Sam- 
ples of about 0.3~1mm in thickness were 
cleaved from the crystals. Most samples in 
this work were colored by exposure to 1-Mev 
electrons from a Van de Graaff accelerator. 
In this case, the exposure times and intensi- 
ties of the flux were varied to obtain appro- 
priate concentration of color centers, where 
the temperature of the samples was kept at 
—70°C or at room temperature before the ex- 
posure but it was raised under exposure. 
Some samples were colored by exposure to 7- 
rays from Co*® at room temperature. 

The optical absorption for the colored sam- 
ples was measured with a modified Shimadzu 
Model QR or Beckman Model DU spectro- 
photometer. For the purpose of bleaching 
colored samples, a xenon-arc lamp of 500 
watts or a high pressure mercury lamp with 
quartz envelope was used through a quartz 
prism monochromator (aperture, F=2.5) or 
suitable filters. 

Emission and excitation spectra were ob- 
tained by the arrangements shown in Fig. 1. 
In this figure M I is the Shimadzu Model QR 
monochromator and M II is the quartz prism 
monochromator which is used for excitation 
in the emission-spectrum measurement and 
for filtration of the luminescence in the ex- 
citation-spectrum measurement. An RCA 
1P28 photomultiplier or a Toshiba 7305 photo- 
multiplier with a D.C. amplifier was used 


R Centers in Lithium Fluoride 


1747 


depending upon the spectral location investi- 
gated, and in some cases a Toshiba PT-25- 
V1 phototube was employed as a check. As 
the light source for the excitation of lumi- 
nescence, the xenon-arc lamp or a tangsten 
lamp was employed, and the emission and 
excitation spectra were corrected by a 
thermopile. 


Light Source 
* 


1 

1 

' 
wes 
1 

' 

' 

\ 

\ 


Dewar Vessel 
and Sample 


MI (a) 
or MI (b) 


Detector 


MI (a) 
or MIT (b) 
D.C, Amp. 


Fig.1. Experimental arrangements used for study- 
ing the luminescence. (a) For measurement of 
emission spectra. (b) For measurement of ex- 
citation spectra. M: monochromator. 


* Light Source 


Detector 


Dewar Vessel 


Chopper and Sample 


(3OCPS) 
Fig. 2. Experimental arrangement used for study- 


ing the effect of temporary bleaching. M: 
monochromator. 


Temporary bleaching effect was studied 
with the arrangement shown in Fig. 2. The 
experimental technique used in this measure- 
ment was similar to that used by Lambe and 
Compton except the direction of auxiliary 
light. The change in transmission of sample 
induced by irradiation with intense auxiliary 
light was measured at a given wavelength. 
The light for the transmission measurement 
was chopped at 30 cps and the detector was 
also tuned for this frequency, where the 
xenon-arc lamp was used as the auxiliary 
light source. 

In order to investigate the anisotropy of 
color centers, dichroism induced by irradia- 
tion with polarized light was measured with 
a Foucault- or Nicol-prism polarizer. Fur- 
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ther, polarization of luminescence was mea- 
sured with the arrangements shown in Fig: 3. 
(a) is that for R:- and R2-band emissions, 
where two suitable filters are inserted in the 
optical path; and (b) is that for M-band 
emission, where the spectral distribution of 
the degree of polarization is measured through 
the monochromator (MJ). In these cases the 
Foucault- or Nicol-prism, or a polaroid was 
employed as the polarizer depending upon 
the spectral location of exciting lights, and 
a polaroid was used as the analyzer. 


(a) 


BC HE 
[vo a 


5 acres 
Mo Hl (a) | MI 
p P 


Fig. 3. Experimental arrangements used for the 
measurements of the polarization of lumines- 
cence. (a) For R-band emissions. (b) For M- 
band emission. M: monochromator, F: filter, 
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In low temperature measurements, the 
samples were kept at liquid air temperature 
by using a Dewar vessel with three windows 
of quartz plate. 


I. Absorption and Luminescence 


§3. Experimental Results 


3.1 Absorption 

After prolonged or intense exposure to Van 
de Graaff electrons or y-rays, LiF crystals 
showed two absorption bands at about 320myp 
and at 378 my in the region between F band 
at 248myp and M band at 447 my at room 
temperature. Although the assignment for 
R bands in LiF crystals has not been con- 
firmed, we tentatively assume that the two 
bands correspond to R: and R:2 bands, respec- 
tively, according to Penneman and Powers’. 
It will be shown in the next paragraph that 
this assignment is correct. In addition to 
these R bands, another weak and broad band 
with peak at 350my appeared immediately 
after the ionizing radiations, but this band 
was so unstable that it was bleached out, 
scarcely affecting R:- and R2-band intensi- 
ties, by brief exposure to ultraviolet light or 
by preserving at room temperature for a 
few days™). 

The relative intensities of F, R and M 
bands after electron bombardment or ;-ray 


P: polaroid, DS: dewar vessel and sample, D: 
detector. 
eee eso meee Sakoy at 
Crystal 
Temperature 
(1) -—- About 100°C 0.93 
(2) eee ” 0.52 
15 WAG) Seam) AOC 0.49 
) V4) + WI IBOre? 10.46 


0.50 


Thickness (mm) 


sO ae 


Log Io/I 


0.5 


O 


4.5 4.0 35 


Fig. in 


—(4), or y-rays, (5), 


SHO) XS) 


(ev) 


20 


Absorption spectra of several LiF crystals exposed to Van de Graaff electrons, 
The measurements were made at room temperature, 
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irradiation differed depending upon the ir- 
radiation conditions, for instance, irradiation 
time or crystal temperature. In the case of 
electron bombardment, R bands prominently 
appeared at crystal temperature of about 
100°C and only weakly at the temperature 
lower than 0°C or higher than 200°C, with 
about 108 rad exposure. In these cases it was 
noticed that the intensity ratios of R: and R2 
bands (R:/R2) are essentially constant irre- 
spective of irradiation conditions, that is, of 
concentrations of other centers. Fig. 4 gives 
the absorption curves in several colored sam- 
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ples. The ratios in some crystals are not 
certain, because of overlapping of the R; 
band and F-band tail and rise of the back- 
ground in this region. 

When a colored sample exhibiting R bands 
was exposed to R: light (330my, band pass 
~10my) at room temperature, both R,- and 
R:-band intensities were decreased together 
and M-band intensity was enhanced. The 
same effect was observed when a sample was 
exposed to R2 light (365my or 385my, band 
pass~20 my). These results are given in 
Fig. 5 and it is found that the ratios of de- 


d=0.35 mm 


y a I rt 


“380 
dA(mp ) 


QOu— 


300. 340 


“340 380 
d (mp ) 


“300 


Fig. 5. Optical bleaching of R-bands in LiF crystals by irradiation (a) with R,-light and 


(b) with R,-light, at room temperature. 
(2) After irradiation with 330 my light. 
crystal. 


(1) Absorption before irradiation in a crystal. 
(3) Absorption before irradiation in another 
(4) After irradiation with 385 my light, and (5) further with 365 my light. 


Measurements were made at room temperature. 


crements in R band intensities, —4R:/(—4R2), 
are essentially constant as shown in Fig. 6, 


T 


r - - 

x Irradiated with Ri-light(33Omz) at Room Temp. 
vo Re-light(385my) 
Sp a Re-light(365mp) 

o - M-light(435myz) 

+ Kept in Dark Place for a Month ” 

© Irradiated with Ri-light(3I3my) 

at 100°C 


g Io/1) 
fo) 


+ARo2 (Lo [ 


—EEEs 4 


1S -20 


0 : 
aR, (Log Io/I) 


Fig. 6. Relation between the increment or de- 
crement of R;- and R;-band peaks in several 
LiF crystals after various treatments, measur- 
ed at room temperature. 


about 1.2. When a sample was exposed to 
R; light at 100°C and absorption was mea- 
sured at room temperature, the above ratio 
was almost unaltered. By the successive ir- 
radiation with FR: light at room temperature, 
R bands were gradually decreased maintain- 
ing the above relation, and in final stage at 
which the R bands were almost bleached, the 
ratio was still nearly uncharged and the 
peaks of the bands did not seem to shift in 
the course of bleaching. The typical absorp- 
tion spectra observed at liquid air tempera- 
ture will be shown just later (Fig. 9). It 
was observed in the above bleaching experi- 
ments that both R bands are more effective- 
ly reduced by R; light than by R:2 light. The 
relative efficiency of the bleaching for ab- 
sorbed quanta is shown in Table I, making 
use of the results in Fig. 5, where R-light 
intensities are corrected by a thermopile. 
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Table I. Relative efficiency of the bleaching of 
R bands for absorbed quanta, at room 
temperature. 
Irradiating light | Efficiency 
330 mp | ere 
365 mp 1.8x10-2 
385 my eAaliO 2 
(mp) 
300, ___350____ 400 20, 600 


At Room Temperature 


Fig. 7. Developing of R bands by irradiation 
with M light. (a) Absorption after irradiation 
with R light. (b) Absorption after subsequent 
irradiation with M light (435 my line of mercury 
arc), at room temperature. 


Two observations were done after the R- 
bands bleaching with A: light. First, when 
a sample was irradiated by intense M light 
(435 my line of mercury arc) at room tem- 
perature, M-band intensity was reduced and 
R-band intensities were again increased as 
shown in Fig. 7*. Second, when a sample 
was kept in dark place at room temperature 
for a few months, the same effect was ob- 
served. In these cases the ratio of incre- 
ments in R-band intensities, 4R:/(4R:), was 
again equal to that obtained in the bleach- 
ing experiments as shown in Fig. 6. The W 
band developed with R-light irradiation was 
more easily bleached by M-light irradiation 
than ordinary M band in the crystals which 
had not been irradiated by R light before- 
hand. 

* When colored crystals were irradiated simul- 
taneously by the lights in R and M bands (for in- 
stance, carbon or mercury arc with suitable filter), 
a weak band with peak at about 375 my and a fair- 
ly strong band with peak at 550mp, which might 
correspond to N band, were developed on short- 
wavelength side of R band and long-wavelength 
side of M band, respectively. 
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A colored sample exhibiting R bands was 
thermally pulse-annealed as follows: the sam- 
ple was placed for two minutes at a high 
temperature and cooled quickly to room tem- 
perature at which absorption was measured. 
Starting from room temperature, the anneal- 
ing temperature was raised by 20°C in succes- 
sive processes. Then, the R: and Rez bands 
began to bleach at the same temperature of 
about 200°C, as shown in Fig. 8. But in this 
case the ratio of decrements was uncertain 
because of the rise of background on the R1- 
band region**. x 


After electron bombardment, absorption 


(a) 


O6F R,(320mp) 


Ro (38Omz) 
Nien EM 


0.2 


OLAS Sr 3 ‘ 
40 120 200 280°C 
Pulse-Annealing Temperature 


Fig. 8(a). 


my) 


( 
500 __600 


300. 
eee 
{b) 


S501. 400 
Sa pean oasis as 


—o-- 20°C | 
--e-* 260°C 


Fig. 8(b). 


Fig. 8. Thermal stability of R bands in a LiF 
crystal. (a) Absorption intensities after pulse- 
annealing, measured at room temperature. (b) 
Absorption spectra for the initial and the later 
stages of the annealing, measured at room tem- 
perature. 


** This may be attributed toa colloidal band 
with peak at 270 mp8), 
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spectra of samples showed fine structure in 
the R2-band region at liquid air temperature 
as reported by Delbecq and Pringsheim®). A 
typical absorption spectrum is given in Fig. 9 
curve (a). The appearance and regular spac- 
ing of the peaks of about 240 cm-' are in ac- 
cordance with those already reported. When 
the absorption spectrum at liquid air tempera- 
ture is compared with that at room tempera- 
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ture given in Fig. 9 curve (a’), the peak of 
R: band does not shift in contrast with the 
peak of Ri band which shifts to short-wave- 
length side at low temperature. When the 
sample was irradiated by R: light at room 
temperature like the above procedure and the 
absorption was measured at liquid air tem- 
perature, the fine-structure intensity was de- 
creased in company with the decrease in the 


300 


350 
Wavelength, (mp ) 


Fig. 9. Variation of the & bands and the fine structure by irradiation with R, light (320 mz) 


at room temperature. 

perature, respectively. 
temperature. 
ed at liquid air temperature. 


Ri- and R2-band intensities as shown in 
Fig. 9 curves (b), (c) and (d). It seems that 
also one proportionality is maintained for the 
R:, Re. and the fine-structure intensities in 
each stage. Again, when the sample was ir- 
radiated by M light at room temperature and 
the absorption was measured at liquid air 
temperature, then the fine structure also ap- 
peared in company with the FR: and k:» 
bands. 

No bleaching of R bands was observed by 
the irradiation with FR light at liquid air tem- 
perature. On the other hand, temporary 
bleaching effects of crystals were observed 
by auxiliary R2-light at liquid air tempera- 
ture, and not by auxiliary R,-light, which is 
probably due to weak intensity of RR: light. 
A typical result is shown in Fig. 10. It is 


(a) and (a’) Initial state measured at liquid air and room tem- 
(b) After irradiation for 3 minutes, measured at liquid air 
(c) and (d) After irradiation for 13 and 53 minutes, respectively, measur- 


seen that the magnitudes of bleaching for Ri 
and FR: bands are nearly equal and also some 
changes in absorption are induced in other 
spectral region. The temporary bleaching 


< 
° 
g Ri-peak | Re-peak | M-peak 
ae 
5 
£-0lF 
i b 
2 
& 0 
3 
Qa 
aq 
<t0lt 
om 
iS At Liq. Air Temp. 
S 
“300. 350. 400 450 500 550 


Wavelength (mp) 


Fig. 10. Temporary change in absorption induc- 
ed by irradiation with light in the FR, band, 
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was not observed at room temperature. 


3.2 Luminescence . 

When LiF crystals showing R bands were 
excited with light in R: or R2 band at liquid 
air and room temperatures, luminescence was 
observed. The emission spectra observed at 
liquid air temperature are shown in Fig. 11. 
Curve (a) is that excited with Ri light and 
has a peak at 730 my or above; curve (b) is 
that excited with R: light and has two peaks, 
the one at 495 my and the other at 710~730 
my, whose intensity is lower than that of 
the former, and by spectrographic examina- 
tions no fine structure was observed in the 
R:- and R:-band emissions. Since the red 
emission excited with the R: or R:2 light is 
comparatively weak and the sensitivity of 
the photomultiplier used in this work is de- 
pressed at longer-wavelength region than 700 
my, locations of the emission peaks observed 
in this region are uncertain to some extent. 

Luminescence excited with the M light was 
measured since the LiF crystals exhibiting 
the R-band luminescence showed fairly in- 
tense M-band absorptions and also intense 
emissions by excitation with M light. The 
spectrum has two peaks at 525my and at 
710 my, as shown in Fig. 11 curve (c) and 
the intensity ratio of the former to the latter 
differed in different samples. 


{e) 
(e) 


{ 


500) “GOO ae TOOT L00e 
Wavelength (mu) 


Emission (Arbitrary Units) _ 


Fig. 11. Emission spectra of a LiF crystal. (a): 
excitation with RF, light (315my); (b): with R, 
light (8380myz);  (c): with M light (450 mu). 
Measurements were made at liquid air tempera- 
ture. 


No significant difference was observed 
between the emission spectrum at liquid air 
temperature and that at room temperature 
in a crystal, but at room temperature the 
red emission excited by RR. light increased 
partly because of the overlapping of R2- and 
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M-absorption bands and the resolution of two 
emission bands excited by M light was lower- 
ed. In general, emission excited by M, ki 
or R: light was quenched in the crystals 
containing very high concentration of centers 
both at room and low temperatures. 


Seana UTS 
Ri-bond peak Re-band peak 
| { 


(00 


Emission 
a 
fe} 


280. 300 320 340 360 380 400 
Wavelength (my) 

Fig. 12. Excitation spectra for R,- and R»-band 
emissions at liquid air temperature. (a) For R,- 
band emission (650 my). (b) For R2-band emis- 
sion (495 my). 


M-band peak | 


E mission 


400 450 “500 
Wavelength (mu) 


Fig. 13. Excitation spectra for M-band emission 
at liquid air temperature. (a) For 650 my emis- 
sion. (b) For 525 my emission. 


Excitation spectra for the luminescence 
were measured at liquid air temperature. In 
Fig. 12, (a) gives excitatian spectrum of R,- 
absorption region for 650 my emission (band 
pass~40 mv) which is the peak of the R: 
emission with the detector used*. It is seen 
that the peak of the spectrum almost coin- 
cides with that of R:-absorption but the long- 
wavelength tail is weakened in contrast 
with the absorption. (b) gives that of R2- 
absorption region for 495my emission (band 
pass~25 my). It is seen that the peak and 
half width coincide with those of R2-absorp- 
tion band, but the fine structure, which is 


* Photomultiplier 7305. 
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observed in absorption spectrum, is not de- 
tected. The excitation spectra of M-band 
region for 650 my emission (band pass~40 my) 
and for 525my emission (band pass~30 my) 
are shown in Fig. 13. In the former the 
peak and half width almost coincide with 
those of M-absorption band, but in the latter 
the peak shifts to long-wavelength side of 
M-absorption peak and a small hump is also 
observed on short-wavelength side. 

As described in the foregoing section, MW 
band is enhanced by irradiation with R: light 
and as mentioned above, the emission spect- 
rum excited by M light has two peaks. So 
it is desirable to observe the change in the 
luminescence after the enhancement of M 


band. The result is shown in Fig. 14. It 
100 
s | 
250 
Ww 
O 
Wavelength (mp) 
Fig. 14(a). 


20077 — -¥ 500 
Wavelength 
Fig. 14(b). 

Fig. 14. Variation of M-band emission and of M- 
absorption band. (a) Emission spectra excited 
with M light (450 my). (b) Absorption spectra. 
In both figures, (1): initial state; (2): after ir- 
radiation with R,-light at room temperature. 
Measurements were made at room temperature. 
In the emission spectra, the ordinate represents 
direct signal of the detector. 
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was found that after the enhancement of M 
band, the intensity of the 710 my emission 
band was increased while that of the 525 my 
emission band was almost unchanged. 

On the emission excited by M light in LiF 
crystals, its peak has been reported as 650myp 
by Molner!? and as 705my by Klick" using 
densitometer trace of film. Now, in the pre- 
sent work two emission bands were observed 
by excitation with M light and the 525myp 
emission band was comparable to the 710 my 
emission band only in such crystals that 
intensities of M-absorption band were very 
weak. This fact and the results of excitation 
spectra lead to the consideration that the 
710 my emission band is responsible for M- 
center luminescence. This consideration will 
also be justified by the degree of polarization 
for the luminescence in Part II. 

In the crystals used for measurements of 
k-band emissions, no strong absorption other 
than M and R bands was observed in the 
region of longer wavelength than 300 my. 
Therefore, on A:-excitation, the emission 
with peak at 730 my or above may be due to 
R:i-luminescence—transition from ,-excited 
state to ground state—but it might also con- 
tain some component of the M-center lumi- 
nescence, since the #:-band emission coincides 
on short-wavelength side with the 710 my 
emission band observed by M-excitation. 
Then, on R2-excitation, the emission with 
peak at 495my may be due to AR:2-lumines- 
cence and the red emission to 2:-luminescence 
or to M-center luminescence. 


§ 4. Discussions 


4.1 Assignments for R: and R2 bands 

First, Penneman and Powers proposed the 
classification of absorption bands in colored 
LiF crystals and they designated the absorp- 
tion bands at 313 mp and 380myp as R: and 
R: bands, respectively. Afterwards, Delbecq 
and Pringsheim® suggested that these assign- 
ments were suspicious because of the pecu- 
liarity of these bands. That is, the so-called 
R2 band (380 my band) is accompanied by the 
fine structure and these bands are unstable 
with ultraviolet light. These phenomena are 
not the case for R bands in other alkali 
halides’. 

In the present paper we have tentatively 
assumed that the absorption bands at 320 my 
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and at 378myp are Ri and R: bands, respec- 
tively. Now the experimental results in.§3 
indicate that the properties of these bands 
agree, in many respects, with those which 
have been reported for R bands in other 
alkali halides: a) The bands at 320 and 378 
my lie between F and M bands, and no other 
absorption band is appreciable in this region 
except for these bands which are fairly stable 
under various conditions. b) The bands ap- 
pear in later stages of coloration by ionizing 
radiation, that is, the centers, which are re- 
sponsible for these bands, are produced after 
the production of fF and M centers”. c) The 
intensity ratio of these bands seems to be 
essentially constant under various conditions. 
This phenomenon corresponds to that observ- 
ed in KCl and other crystals?):!*. d) In the 
experiment of pulse annealing the bands are 
more unstable than F or M band. It has 
also been reported that R bands in additive- 
ly colored KCl crystals are more unstable 
than F and M bands". The results of the 
present work, however, seem to combine in 
some extent with the effect of bleaching of 
V-type centers, since some bleachings of 
M and F bands are observed simultaneously 
with that of R bands. e) After irradiation 
with light in the so-called Ri band polarized 
along [011] direction, both bands show dich- 


roism in directions along [011] and [011] in 
the same sense, which was previously report- 
ed and will be considered again in detail in 
Part II. This effect has also been observed 
in KCl crystals'®. Further, these bands are 
developed together by irradiation with the 
light in F band, as pointed out by Delbecq 
and Pringsheim!”. 

The R bands in LiF crystals are unstable 
with FR light at room temperature, contrary 
to those in other alkali halides. However, R 
bands in NaCl are temporary unstable under 
irradiation with FR light at low temperature 
like those in LiF. Hence the difference 
in optical stability of R bands at room tem- 
perature may result from secondary effects 
in these crystals. Therefore, although some 
peculiarity still remains in the fine structure 
which is observed at low temperature in the 
R2-band region, it may be considered that 
the structure is characteristic to R centers in 
LiF crystals. 


Akizo OKUDA 


(Vol. 16, 


4.2 Correlation between Ri: and R2 bands 

Delbecq and Pringsheim reported that the 
bands at 320 my and 380 my appear together 
after irradiation with a short-wavelength 
ultraviolet (2<253.7 my) and decrease with 
subsequent irradiation of X-rays and disap- 
pear together after irradiation with a long- 
wavelength ultraviolet (4=300~400 my) or 
after heating to 100~200°C. In the forego- 
ing section, these bands have just been as- 
signed as Rk: and R: bands, so that a very 
intimate relation seems to exist between fi 
and R: bands. : 

As described in §3, it has been found that 
both R bands are bleached together with a 
constant ratio of decrements in their intensi- 
ties, —4Ri/(—4R:), by irradiation with light 
in either of R: or R2 band at room tempera- 
ture; and especially by the RA: light irradia- 
tion, this relation is unaffected until the 
greater parts of R: and R: bands are bleach- 
ed. These results certainly indicate that Re 
and R: bands are due to transitions from the 
ground state to a first excited state and toa 
second excited state, respectively, supporting 
rather the suggestion by Herman et al. than 
the consideration by Lambe and Compton 
that two distinct Ri: and R2 centers are inti- 
mately connected in the crystal. 

Other results supporting this consideration 
are summarized as follows: Ri and R2 bands 
are produced with a nearly constant ratio of 
their intensities (R:/R2), irrespective of pro- 
cesses of the formation (exposure to 7-rays 
or electron bombardment, or M-light irradia- 
tion after bleaching of R centers) and of con- 
centrations of other centers (F, M or pre- 
sumably N centers). Further, in thermal 
treatment, both R bands begin to bleach 
together at the same temperature. In R 
bands bleaching with R lights at room tem- 
perature, the efficiency of bleaching is higher 
for the light in the band of higher-energy 
side, as shown in Table I. In this connec- 
tion, it is of interest to note that in KCl 
crystals, Cole and Friauf!® have reported a 
higher quantum efficiency of photoelectron 
for R: band than for Rs band. 

It has been found that different emission 
bands are observed in the LiF crystal by the 
excitations with Ri and R2 lights as decribed 
in §3, while the same emission has been re- 
ported by Ri- and R:2-light excitations in KCl 
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or NaCl crystal®.9, This fact may indicate 
that the correlation between the configuration 
coordinate curves of energy for Ri and R: 
states in LiF crystal somewhat differs from 
that in KCl or NaCl crystal. Being compar- 
ed with the spectral locations of M-band 
emissions, R:-emission in LiF crystal might 
correspond to the R-emissions reported in KCl 
or NaCl crystal. 

The absorption of R bands is complicated 
at low temperature. The fine structure in 
the region of R: band rises and falls  to- 
gether with R bands, following the destruction 
and formation of R centers by R:- or M- 
light irradiation as described in $3, or by F- 
light irradiation®. While, the structure has 
not been detected in the excitation spectrum 
of R2-band region in the present study. Thus 
it is difficult to decide whether the structure 
is associated with the R2 band itself or not. 
If the structure is not associated with the R: 
band, it may correspond to some vibrational 
levels in any other electronic transition than 
R, transition and it may be possible, though 
not yet confirmed, that the structure appears 
in a region outside of R: band in other alkali 
halides. On the other hand, if the structure 
is associated with the R: band, it may be ex- 
pected that no structure is observed in other 
alkali halides with the slight difference of 
configuration coordinate curves described 
above. In this case, the configuration coordi- 
nate curves of excited R: and FR: states may 
cross one another and only the R2 state which 
does not interact with R: state may have 
clearly-resolved levels of vibration as in the 
case of LiF. In fact, the structure in LiF is 
quite obscure in high-energy side, as shown 
in Fig. 9. 

4.3 Correlation with other centers 

In the results of temporary bleaching, any 
change of absorption other than those of R 
bands might be contained in the R-bands 
region. In general, however, the magnitudes 
of bleaching for R: and R2 bands are nearly 
equal in accordance with the foregoing dis- 
cussion that both bands are due to transi- 
tions in the same center. Nevertheless fairly 
strong correlations seem to exist between the 
R centers and other centers, as suggested by 
Compton and Klick®. It is observed that in- 
tensity on higher-energy side than the ki 
band is enhanced under the irradiation with 
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R: light and the same effect has also been 
observed in NaCl crystals. This effect is 
probably attributed to the production of F 
centers by the action of R» light. 

M-center luminescence might be contained 
in the emission with Ri-light excitation, as 
described in §3.2. If this is the case, the 
experimental result that the excitation 
spectrum is weak in intensity on long-wave- 
length side compared with R:-absorption band 
might be interpreted as follows: M-center 
luminescence may more participate on the 
high-energy side of Ri band, because M cen- 
ters, in general, seem to have a high effi- 
ciency for the luminescence. However, such 
a hypotheticalconsi deration will need finer ex- 
periments, in which the Ri and M lumines- 
cence could be observed separately. 

After the bleaching of R bands by R:-light 
irradiation at room temperature, the intensi- 
ty of M band is increased and at the same 
time the intensity of M-band emission with 
peak at 710 my is also enhanced. It is con- 
sidered, therefore, that M centers are pro- 
duced with destruction of R centers in the 
course of the bleaching. The results and 
discussions concerning M band will be sum- 
marized in Part II. 


II. Anisotropy of R Center 


§5. Experimental Results 


5.1 Preferential bleaching 

When LiF crystals showing R bands were 
irradiated with the A: light polarized along 
[011] direction at room temperature, the ab- 
sorption intensities of both R: and R2 bands. 
polarized along [011] were more reduced than 


those polarized along [011], as previously re- 
ported”. The decrement ratios in intensity 


for both directions, —4Ri{011]/(—4R./011)), 
are approximately equal for R: and R2 bands. 
and estimated to be about 1/2~1/3 in early 
stage of the bleaching. As the irradiation 
with polarized R: light was prolonged, the 
absorption intensities for both directions and 
also the amounts of dichroism continued to 
reduce, as shown in Fig. 15. After dichroism 
was induced for both R bands in a crystal by 
the irradiation with [011]-polarized FR, light, 
the crystal was kept in dark place for about 
thirty days at room temperature. Then, it 
was found that the absorptions in both direc- 
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tions were increased by the same amount in 
optical density, in either case of Ri and Re 
band, as shown in Fig. 16. This fact may 
indicate that apparent re-orientation does not 
take place in the ground state of R center 
at room temperature. It has already been re- 
ported that when KCl crystals are irradiated 
with [011]-polarized R lights, weak dichroism 
appears in the same sense by nearly the same 
amount, for both R bands". Being compared 
with the dichroism in KCl crystals, the above 
results of LiF crystals also give a support for 
the assignment of R bands in LiF crystal, as 
described in § 4.1. 
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Fig. 15. Preferential bleaching of R, and R, 
bands in a LiF crystal by irradiation with the 
R, light polarized along [011] at room tempera- 
ture. 
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Fig. 16. Stability of the dichroism in R bands. 
Dotted curve, (a): initial state. Solid curves, 
(b) and (c): after irradiation with R, light 
polarized along [011] direction at room tempera- 
ture. Dashed curves, (d) and (e): after the 
crystal being kept in dark place for a month 
at room temperature. 
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When LiF crystals showing R bands were 
irradiated with R: light polarized along [001] 
direction at room temperature, absorption in- 
tensities along [001] and [010] directions were 
reduced in both R bands, but no dichroism 
was observed in them. 

After irradiation-.with [011]-polarized Ri 
light, dichroism in [011] and [011] directions 
also appeared in the region of M band but 
the sign was reverse to that of the R-band 
dichroism as shown by solid curves in Fig. 17. 
Then, the crystal was subsequently irradiat- 
ed by unpolarized M light and as shown by 
dotted curves in Fig. 17, the dichroism of M- 
band region almost disappeared, while the R- 
band intensities along both directions increas- 
ed scarcely altering the magnitudes of 
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Fig. 17. Changes in absorption intensity on the 
region of M and F bands polarized along [011] 
and [011], respectively. Solid curves: after ir- 
radiation with R, light polarized along [011]. 
Dotted curves: then after irradiation with un- 
polarized M light (450my). The original M- 
band intensity was 1.18. The measurements 
and bleachings were made at room temperature. 


9.2 Polarization of luminescence 

The polarization of the luminescence of R 
and M bands were studied in several samples. 
Exciting light incident upon [100] face of the 
crystal was polarized first in the [011] direc- 
tion and then in the [001] direction with the 
polarizer. Then the emission intensities J, 
and J, were measured with the analyzer 
parallel and perpendicular to the polarizer, 
respectively. The degree of polarization ex- 
pressed as P-factor is given by 
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Table II. The P-factor of the luminescence in 
LiF crystals excited by polarized R lights, 
at liquid air temperature. 


P (001) 


Exciting light —- P[011] 
R, band | 0.34~0.39 | 0.23~0.29 
R, band 0.02~0.08 


| 0.15~0.22 


where [ijk] represents the direction of polari- 
zation for the exciting light. Results for the 
Ri- and R2-band emission, which were obtain- 
ed at liquid air temperature, are shown in 
Table II. The values vary in different sam- 
ples as indicated, presumably due to the con- 
centration of centers contained in each sam- 
ple. In the above measurements of P-factor, 
it must be noted that R:-band emission 
might contain (-center luminescence as de- 
scribed in §3.2 and R2-band emission might 
exclusively consist of  2-luminescence*. 
‘Therefore, only P-factors of R:-band emis- 
sion are significant in the above results. 
These values are nearly the same as those 
reported in KCl and NaCl crystals’) and 
are quite small compared with the values 
which will be expected from the directions 
of optical dipole moments lying in the face 
‘diagonals of the crystal. 

As for the M-band emission, spectral dis- 
tribution of the P-factor was measured at 
room temperature. The result is shown in 
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Fig. 18. Anisotropic spectra of M-band emission. 
Crystal was irradiated by M light (450 mz) 
polarized along [011] direction at room tempera- 
ture. The ordinate represents direct signal of 
the detector. 


* The photomultiplier 1P28 was used in this 
measurement and signal of the red emission with 
R, excitation was negligibly small compared with 
that of the R,-luminescence. 
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Fig. 18. It is seen that the values of P[011] 
are approximately 0.6 on long-wavelength 
side and gradually diminish on short-wave- 
length side. 


§6. Discussions and Conclusion 


6.1 Anisotropy of R center 

In Part I it has been shown that Ri and R; 
bands in alkali halides arise from transitions 
in the same center. In this section, the optical 
dipole moments associated with the R absorp- 
tions will be considered in connection with 
the results obtained in the last paragraph 
and compared with the expected dipole mo- 
ments of the models which have been pro- 
posed as F-center coagulations. 

It is well known that if symmetry of a 
color center in an alkali halide is lower than 
cubic, the absorption shows some dichroism 
after preferential bleaching with polarized 
light and also the emission expected by polar- 
ized light shows some polarization. The 
changes introduced in absorption intensities 
can be calculated as shown by Compton and 
Klick?”, provided that any re-orientation of 
the center does not take place in the course 
of the bleaching. Similarly, the P-factor of 
luminescence can be also calculated. These 
expected values are listed in Table III in the 
case of an optical dipole oriented along <001), 
<i sore <li 

As described in §5, both R bands show 
dichroism in the same sense after bleaching 
by [011]-polarized R: light and no dichroism 
by [001]-polarized FR: light. By comparing 
with Table III, it might be suggested that 
optical dipole associated with R: band is 
oriented along <111>. However, the observed 
decrement ratios of 1/2~1/3 in the directions 


of face diagonal, —4R,{011]/(—4R,[011]), are 
larger than the expected value. The expect- 
ed value will be increased if re-orientation of 
the center takes place in the ground state, 
and lowered if it takes place in the excited 
state. From the experimental fact described 
in §5, it may be considered that apparent re- 
orientation does not take place in the ground 
state, in the course of the bleaching with 
polarized R: light at room temperature. The 
above considerations may be also applicable 
to the dipole oriented along <011> direction. 
Besides, observed values of P[011] and P[001] 
for R2 luminescence (Table II) are also dif- 
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seg etd of pre and luminescence expected from simple optical dipoles. 


iiowared with [001]. polarized light 


Tail ate of deca. 
ments of absorption 


001 

moment along [011] and [011] P[01l] along [010] and [001] P{001) 
. — Alor (— UD — 4{010]/(—4[001]) 

<001> | 1/1 o 1.0 

<011> | 1/5 66 | 1/2 0.33 

<11b | 0 | 0 1/1 0 


ferent from the values in Table III for the 
dipole oriented along <111> or <011> direction. 
Therefore, the experimental results may be 
inconsistent with the R:-model proposed by 
Seitz or F2-model, which consists of a pair 
of adjacent negative ion vacancies with two 
trapped electrons. In this model, at least 
one of the R& bands is considered to associate 
with simple optical dipole oriented along 
<011>. In fact, Herman ef al. have suggest- 
ed, from the theoretical consideration on 
hydrogen-molecular model of F2 center, that 
R, and R: bands may correspond to !3y+— 
Ty and !X,+—13',*+ transitions, respectively; 
the doubly degenerate ‘//, state may be 
splitted in the crystalline field, and the opti- 
cal dipole moment of the transition !¥,+— 
1¥ut is oriented along the axis of the mole- 
cule—the face diagonal of the crystal—and 
those of the transition 'X,+t—'/7, are per- 
pendicular to the face diagonal. Therefore, 
it cannot be explained by the dipoles in this 
model that Ri and R: bands show the dichro- 
ism in the same sense. Even if we assume 
that R:, and R2 bands correspond to two 
transitions whose upper states arise from a 
splitting of the degenerate ‘'/7, state, it may 
be also difficult to explain the experimental 
results. #:-model proposed by Seitz or Ps'- 
model, which consists of a pair of adjacent 
negative ion vacancies with a trapped electron, 
may be similarly situated as /2-model. 
These difficulties may arise from the models 
composed of two vacancies. Then, we con- 
sider centers composed of three vacancies. 
First, the center consisting of a pair of nega- 
tive ion vacancies and an adjacent positive 
ion vacancy with a trapped electron—M- 
center model by Seitz! or Knox?—will be 
discarded from a consideration similar to the 
above discussion. For example, optical 


dipoles associated, with A:i—B: and A:i—Bz 
transitions in Cz symmetry are oriented 
along <011> and <001> directions, respective- 
ly. Next, a center will be discussed which 
consists of three F centers lying in a [111] 
plane and has its symmetry axis along <111> 
direction. Such a model has been suggested 
for R center by van Doorn®) and Pick*®. 


Fig. 19. #3-model of R-center. 

Fig. 19 gives the configuration of vacancies. 
in this model, where a, b, and c mean nega- 
tive ion vacancies, and the configuration has. 
eight possible vacancy-orientations in the cry- 
stal (see, Fig. 20 in Appendix). The poten- 
tial for a trapped electron in this configura- 
tion has the symmetry of Cs» and two types. 
of transition may be considered; an optical 
dipole of one transition is oriented along the 
<111> symmetry axis of the center and that 
of the other transition, whose upper state is. 
doubly degenerate, is in the [111] plane per- 
pendiculur to the symmetry axis. Then it is 
assumed that the degeneracy of the upper 
state is removed by a distortion of the ionic 
arrangement with which the arrangement 
perhaps forms a isosceles triangle in the [111] 
plane and R: and R2 bands correspond to 
transitions from the ground state to the two 
splitted states. The origin of the distortion 
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Irradiated with R; or R, 
polarized along [011] 
Initial ratio of decre- 
| ments of absorption 


light | 
| 
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Table IV. Anisotropy of absorption and luminescence expected from the F’;-model. 


Irradiated with R, or R, light 
polarized along [001] 
Initial ratio of decre- | 

ments of absorption 


along [011] and [011] | P{011) | along [010] and [001] P{001] 
—4R,{011] | _ —4R;[010 
(—4R,(011]) | (—4R,{001)) 
1/1.66 1/1 | 
R, band (1/2~1/3) Oe (1/1) 
1/1.66 0.25 1/1 0 
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might be attributed to a localized distribution 
of electron in the center. In such a situa- 
tion, three ionic arrangements are producible 
for a vacancy orientation and the optical 
dipoles associated with the R: and R: bands 
may be approximately parallel to the face 
diagonal and perpendicular to it in the de- 
generate plane, for instance along ab and cd 
in Fig. 19, respectively, or vice versa, and 
potential barrier may be _ inconsiderable 
between two ionic arrangements in a vacan- 
cy orientation, in contrast with that of a 
vacancy re-orientation. Hence it is assumed 
that exchanges among three ionic arrange- 
ments (ionic re-orientation) frequently occur 
around the <111> symmetry axis in a vacancy 
orientation and, on the contrary, the vacancy 
re-orientations are scarcely realized, during 
the bleaching process at room temperature. 
Then the preferential bleaching by polarized 
light in such a model can be calculated by 
the procedure shown in Appendix. The 
results are listed in Table IV, indicating 
that the expected values in the [011] and 
{001] directions for both R bands are in good 
accordance with the experimental results. 
Further, provided that random ionic re- 
orientations occur in the excited states, P- 
factors of R: luminescence also agree with 
the experimental results as shown in Table IV. 

It should be noted that the same anisotropy 
as described above will be expected if the P- 
model is associated with a positive ion vacancy, 
é, or a pair of positive and negative ion 
vacancies, e and f, in Fig. 19. Pick has con- 
sidered perturbation of an F center within 
the F3-model having Cs» symmetry and sug- 
gested that optical dipoles associated with Ri 


and 2 bands are parallel to the face diagonal 
of crystal and perpendicular to it in the [111] 
plane, respectively, and that the dipole as- 
sociated with R» band, which overlaps to F 
band, is parallel to the symmetry axis of 
<11l>. In the present treatments of R-center 
anisotropy, besides Ri and FR: bands, another 
band is also expected to appear and optical 
dipole associated with it may be approximate- 
ly oriented along the <111> axis. Further, the 
same dichroism in both R dands will be in- 
duced by irradiation with [011]-polarized light 
in its band as also expected by Pick. 

By making use of the F3-model discussed 
above, the fine structure in R: band might 
be interpreted as follows: in the center there 
is a molecular-like bond inducing the distor- 
tion of C3» symmetry and the bond is fairly 
isolated from lattice vibrations of the host 
crystal while it associates with a local vi- 
bration corresponding to the observed fine 
structure. 


6.2 Correlation with other centers 

As described in Part I, the M centers pro- 
duced by A: light irradiation seem to be con- 
verted into R centers by M-light irradiation 
more easily than the MM centers which have 
existed before R:-light irradiation. This fact 
may suggest that an R center is decomposed 
by A:-light irradiation into two nearly locat- 
ed components—an /M center and some lattice 
defect, for instance an F center—and these 
components easily combine with each other 
by M-light irradiation and form an R center. 
In connection with the results of anisotropy 
of R center, the interaction of R center with 
other centers should be taken into considera- 
tion. As described in § 5, dichroism induced 
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in the M band by [011]-polarized R: light 
almost disappears after subsequent irradiation 
with unpolarized M light and at the same 
time R bands recover scarcely altering the 


differences of intensities in [011] and [011]. 
Hence, it is unlikely that the R-band di- 
chroism induced by polarized R: light results 
from M centers located in the neighborhood 
and that also V-type centers are significant 
in the anisotropies of the R and M centers. 
Contrary to M and V-type centers, F centers 
might be important since high concentrations 
of F centers are contained in the crystals in- 
vestigated. By reflecting upon the cubic 
symmetry of F centers, however, it may be 
considered that anisotropy of R centers could 
not be changed essentially by them. Fur- 
ther the dichroism in M band may be attri- 
buted to the M centers which are directly 
produced from R centers by polarized R:1- 
light irradiation and the M centers may be 
re-oriented in the process of recombination 
described above. 

The interactions between R centers and 
other centers, however, may exist more or 
less, as reported in the temporary-bleaching 
experiment and the dichroism in KCl cry- 
stals*?, and these interactions might make 
the magnitude of dichroism and the value of 
P-factor diverge to some extent. 

In addition to the 710my emission band, 
the 525 my emission band is observed by ex- 
citation with M light and the excitation 
spectrum for this emission somewhat differs 
from the M-absorption spectrum. Further, 
the value of P[011] for this emission band is 
small compared with the value of 0.6 for 
the 710my emission band*. These results 
support the conclusion that the 710 my emis- 
sion band corresponds to M-center lumines- 
cence as described in §3. It is not possible 
to assign the origin of the 525my emission 
but it is certain that M center possessing 
<011> symmetry does not act directly as an 
emitter for this emission. 

6.3 Conclusion 

It has been concluded in Part I that R; 
and #: bands are due to transitions from a 
ground state to a first excited state and to 
a second excited state, respectively, in the 

* The value of P[011] for the M-center lumi- 


nescence has already been reported to be 0.6 by 
Lambe, Compton), and Feofilov23), 
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same center. Under the above conclusion, 
the experimental results of the dichroism and 
the polarization of luminescence have been 
examined by the models proposed so far on 
complexes of F centers. Then, as far as the 
symmetry of the center is concerned, F%- 
model lying on [111], plane is more adequate: 
for R center than F2- or F2*-model, or M- 
center models proposed by Seitz and Knox. 
From the consideration of optical dipole mo- 
ments in the Fs-model, however, it may be 
reasonable to accept the deviation of Cs» 
symmetry and the occurrence of ionic re- 
orientation in the course of the bleaching or 
in the excitation. 

Although the interaction between & centers 
and other centers might be fairly strong, it 
may be considered that experimental results. 
concerning the dichroism of absorption and 
the polarization of luminescence are essential- 
ly due to anisotropy of R center itself. 
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Appendix 
On the F3-model described in §6.1, the 
eight possible vacancy-orientations are separat- 
ed into such two groups, A and B in Fig. 20.,. 
that each orientation in the group A or B 
has the same directional dependence of the 
optical dipoles upon the polarization of light. 


md | rome 
el 
ETON Th ta a ie 


Fig. 20. Directions of optical dipoles associated 
with R, and R, bands in the F’3-model. 
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Therefore it is sufficient to consider six ionic- The FR centers are oriented with equal con- 
arrangements in Fig. 20: 1,2, and 3 in A; centration, m, in each ionic-arrangement in 
and 4,5, and 6 in B, where dotted line in the group A and B before irradiation with 
each arrangement means the symmetry axis polarized light. After irradiation with the 
of isosceles triangle in the distorted Cs». First, [011]-polarized R: light, each m may change 
we consider the case where optical dipole as- into m:, where subscript 7 means i-ionic 
sociated with R: absorption is oriented along arrangement in Fig. 20. If any vacancy re- 
the face diagonal of the crystal and that as- orientation is not induced during the irradi- 
sociated with R2 absorption is perpendicular ation with R: light, the changing rate of m 


to it. may be expressed as follows: 
dn 1 dn; 1 
ea wis + (ny—m) , or = <n ap Ms) , 
Ce lg sale dn _ aaa 
dt 4 (Wk—-N4) , i Nk 4 figs (M4—Nk) , 


j=2, 3; k=5, 6 


where 1/z is a frequency of the ionic re-orientation and § is a bleaching constant. If cz is 
very small, the concentrations are approximately given by 


1 =N» Exp (— Bt/2)=n; , N= exp (— ft/6)=nk . 


Then, the absorption intensities of R: band in the [011] and [011] directions are given as 
follows: 


{011] Sain exp (— B¢/2) +S aur exp (— fHI6) , 
= 1 3 
e[OL1]=- ats exp (— ft/2) + eto exp (— ft/6) , 
where a: is a constant. By considering the angle between the direction of polarization and 
the direction of Rz optical dipole, the absorption intensities of R2 band are also calculated in 


both directions: 


«2[011] = Sam exp (— ft/2) ++ Q2Ny exp (— ft/6) , 
_ 1 3 
e[ 011] = aso exp (— bt/2) A ikea exp (— bt/6) 5 


where again a2 is a constant. Then initial bleaching ratio in both directions can be estimat- 
ed for R: and R2 bands: 

Aci{011] _ Axe{O11] _ 3 

Ac{Old|e dxs[011] ~ 5 


This means the same sense dichroism for R: and RF: bands. 

In a similar way, after irradiation with [001]-polarized FR: light, the absorption intensities 
of R; and R2 bands in the [001] and [010] directions are given under the same assumptions 
as described above: 


«1[001] =«1[010] = 2a17% exp (— ft/3) , 
2001] =x2[010] =2a2%0 exp (— Bt/3) ° 
In this case, therefore, no dichroism is observable. If we exchange the direction of optical 


dipole of A: absorption for that of Rs absorption, the same results as described above’ will 
be obtained. 
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Impulsive Motion of a Circular Cylinder in a Viscous Fluid 
at Small Reynolds Numbers 
By Sinzi KUWABARA 
Aeronautical Research Institute, University of Tokyo 
(Received June 2, 1961) 
The drag of a circular cylinder set in uniform motion impulsively 
from rest in a viscous fluid is calculated. On the assumption of small 
Reynolds numbers, Oseen’s equations for unsteady motion are employed. 
The two limiting cases corresponding to the initial and final periods, 
respectively, are investigated. 
$1. Introduction and Summary layer equations, hence their results are valid 


Studies on steady slow motion of one or 
many bodies in a viscous fluid have been 
made by many authors, but there have been 
few works concerning the unsteady slow mo- 
tion. Oseen has investigated the impulsive 
motion of a sphere on the basis of the Stokes 
approximation”. The impulsive motion of a 
circular cylinder has been studied by Blasius” 
and Goldstein and Rosenhead®. Their investi- 
gations have been based on the boundary- 


only for the large Reynolds numbers. In the 
present paper, we shall study the motion of 
a circular cylinder started impulsively from 
rest with a constant velocity in a viscous 
fluid. 

Since we shall assume the Reynolds number 
to be small, it may be reasonable to make 
use of Oseen’s equations for the unsteady 
motion. Also, use will be made of the Laplace 
transformation. Since it is difficult to solve 
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this problem completely, we shall only treat 
the two limiting cases corresponding to the 
final and initial periods, respectively. For 
the final period, it is found that the drag of 
the circular cylinder approaches gradually the 
value for the steady case as the time from 
start increases. For the initial period, on 
the other hand, the drag decreases rapidly 
from infinity, i.e., inversely proportionally to 
the square root of time. 

Numerical calculations have been carried 
out for the Reynolds numbers 0.08, 0.4 and 
1, respectively. The two asymptotic solutions 
corresponding to the initial and the final 
periods, respectively, seem to continue each 
other fairly well. 


$2. Basic Equations 


We consider the motion of a circular 
cylinder which starts impulsively from rest 
with a constant velocity U in a viscous fluid. 
We assume that the Reynolds number R= 
2aU/v is small compared with unity, where 
a is the radius of the circular cylinder and 
vy is the kinematic viscosity, so that we may 
conveniently use the Oseen approximation. 
Oseen’s equations and the equation of con- 


tinuity can be written in non-dimensional 
forms as follows: 
ou + ou = op 4 4u , (21)) 


ot Ox Ox 


2k 


FRG) D)= \ f(t, 9b) er? Cats 
0 


Les Jy; N=55| im 


Zivbs Nee ies 
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Ov ov op i 
oc = dv Pepe 
ot Ox oy Qk a2) 

and 
Ou ov 

ee 0 5 233 
dx ay . -_ 


where (x, y) are the cartesian coordinates, ¢ 

is the time, (u,v) the velocity components, 

p the pressure and 2k=aU/v=R/2. Here the 

units of length, time, velocity, and pressure 

have been taken as a, a/U, U and eU?, re- 

spectively, where ¢ is the density of the fluid. 
From (2.1) and (2.2), we have 


(2.4) 


where w is the non-dimensional vorticity de- 
fined as 


ov Ou 
ecira: eae ; (225) 
Introducing the complex variables 
z=x-+1y, Z=x—-1y , (2.6) 
and 
W=u-v , (257) 
we have 
WUE as (2.8) 
OZ 


from (2.3) and (2.5). 
Let us define the Laplace transform of 
F(x, y, t) as 


Then, we can transform (2.4) and (2.8) as follows: 


2( po* ae sede 5 


aw* _ 
0Z 


The general solution of (2.10) which vanishes at infinity is easily obtained as follows: 


or=te™ Ss (Cn eet Cy 7?) K (Kr) ; 
n=0 


(2.9a) 

i Cy DICh aps, Get>d. (2.9b) 
(2.10) 

= i" : ii) 

(2.12) 


where (7,9) are the polar coordinates, Cn the complex coefficients, Kn the modified Bessel 


functions of the first kind and «=7/k? + 2kp - 


In a manner similar to Imai’s method of 


solving Oseen’s equations‘, the general solution of (2.11) with (2.12) can be obtained as 


Wee-t S (Co WatCnW-n) , 


n=0 


(2:13) 
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where 
I Wn _ gre Kalan) or. (2.14) 
Oz 
Integrating (2.14), we have 
w= Wate Ka_s(er) ern? , (2.15) 
Kk Kk 


Replacing 2 by —n-+1, we have 


Wn=— Wi-n +2 eb Keren? . (2.16) 


Repeated application of the recurrence formulae (2.15) and (2.16) gives respectively 


Wa=(4) Wo— 2 pnz x (Sy Kner) eid ‘ aed. 
Kk K m=0 Kk 
Waa) aay rca 2, Gs ie Konleryeme (2.18) 


Inserting these into (2.13), we obtain 


Re OL 


oo .. * 
ma eA > (Amis e”™—Bm em) Kuler) + ae ; (2.19) 

2k m=1 dz 

where 
Wo= i exp (kf?/2x?2)Ko(f)t dt , (2.20) 
) m—n—-1 co m—n 
An= DS . Cm , i SS e) Cr ; (2.21) 
man Kk m=n k 


and f*(z) is an arbitrary analytic function of z. 
In view of the fact that Wo is a many-valued function of (7, @), and that the complex 
velocity W should be one-valued, we must have 


Onno K a: aan 


Thus, we finally obtain 


at *K 
Wes Oh ae Ko(«r)+ BY (An+1 er? — B,, ent) Kaler)] ap ae ; (2.23) 


where f* should be expressed as 


m*+iI"* 


24 
Iz) = Pi 


a* 
Ne ere (2.24) 
For the initial period, we assume that pS1 and so «1. From (2.21) we can see that 
Bn is a series in the ascending powers of the large factor «/k, so that (2.23) is useless for 
the initial period. 
Repeated application of the recurrence formula (2.15) only gives 


w* re ote! Ay Kolar) =r S (Aner? + Brie) Koler)} a > (2.25) 
n= & 
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where 
, co kR m—n—-1 
An = DS (=) Gr i=; ile 2 Tae (2.26a)) 


and 


Z n—1 Rk tl a= oo m+n—1 
Be = ( ) Cut & (4) Ce Haak, (2.26b) 


m=0 Ke K 


This is useful for the initial period. 
To the Stokes approximation of the unsteady motion, we have the vorticity equation and 
its general solution in transformed forms as 


2kpw*= do , (2.27) 


ora > = (Cn ert®_C,, e-”) K (Kr) ? (2.28) 


where Cz are the arbitrary constants and c=// 2kp. In a manner similar to the preceding 
procedure, we obtain 


7 eco a 
Wa 54 Ao!’ Keler) + S(Aw’“er+ Bue") Kale) | ot - (2.29) 


A= Cy et =U oe Core Cie, ee Cet eno See ee 


It will be seen that on puttin k-0O and kp=finite, (2.25) and (2.26) reduce to (2.29) and 


(2.30) as should be expected. 
The condition of no-slip on the surface of the profile can be written as 


W*=0 on the profile. (CRD: 


The forces experienced by the cylinder are calculated by integrating the stresses on the 
surface of the cylinder. It is easily obtained from Imai’s formula”: 


4 f dw 8 f ew 


Cpo—iCr= Roa Zaz= RY oz Zaz, (2.32a) 
or its transformed form 
Ay, ee 
Cok iCxt=— See (2.32b) 


where Cp=X/(40U?-2a) and Crz=Y/(eU?-2a) are the drag and lift coefficients, and (X, Y ). 
are the force components, and integration being taken along the profile C. This formula 
has originally been derived for the case of steady motion but it can easily be shown that 
the formula is valid for the unsteady case as well, provided the profile is chosen as the path 


of integration. 


§3. The Final Period 
For the final period, we can put p<1 and hence «=k<cl1, so that 


C—O?) (3.1) 


in view of the form of w* as given by (2.12). Then, we take the transformed velocity and 
vorticity as 
dare ith (3.2) 


Wee Pe CiKiler)— C.Kiler) ei Deer ct: 
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wt = e(Cr 04 Ce) Ki(er) | (3.3) 


retaining only the terms of order of «’. C: and m* can be determined so as to satisfy the 
boundary condition (2.31). Thus, we have 


Chote { b( Kot s0Ks )h : | (3.4) 
ae = «Ky is { ko( Kot 0K, )} : (3.5) 


where we have put Aou=Ko(«) and Ki=Ki(«) for brevity. 
Substituting from (3.4) into (3.13), we have 


Spee 2xe** Ki (Kr) eae (3.6) imaginary axis 
D( Kot3nK:) 
Expanding the Bessel functions Ko and Ki, 


and retaining only the first dominant terms, 
we have 


(a) 


real axis 


euaes 2e** sin @ (3.7) pole branch point 
pr(—In 4e—7+3) 7 (q=-k/2) 
which gives, by the inverse Laplace trans- q- plane 
formation, Fig. 1. The contour of integration used for (3.8). 
2e* sin 0 ime" dq 
BS aS —kt/2 . 3.8) 
- De nae ees |. (q+h/2){ —3 In 2kq +In 2—7 +3)? + 72/4} 3:8) 


where g=—p+k/2, 7=0.57721... is Euler’s constant and the contour of integration is as 
Shown in Fig. 1. 
Substitution from (3.8) into (3.32a) gives 


16 2 eds 
Co=Cn Ste 
D Dect R exp ( 6) i. (s-+R?c/16){(—In s+)?+2°} (3.9) 
16 1 dn 
==Cp = exp (=n ey 1 ‘ome LES a ' 
where 
Co =82/{ R(S+ 3)} > (Sali) 


t=2t/R and B=Inc7+ln4—27+1. Cp is the drag coefficient for the steady motion. 


$4. The Initial Period 


For the initial period, we put p>1 and so «>1. Also we assume that Cy in (2.12) are © 
all of the same order of magnitude. Then remembering (2.25) and (2.24), we write the 
transformed velocity as 


Waa e&* [Ci Kol ar) + C2Kil«r) e+ CsKaler) e284 - -. 


+(Cot Co) Kilr) e- 4+ Ci Ko(er) e281...) 
2 ball ot I, sonny, 
T p ar ae T = T > (4.1) 


where only the lowest order terms in k/r are retained. Introducing (4.1) into the boundary 
condition (2.31), we have 
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ern & m*ki ; 
pCa Ci Dini pkey:  Cn=0, n>2. (4.2) 


Since * should be an odd function of @ for the case of a circular cylinder, we have from 
(2.12) 


Co+Co=0 (4.3) 
so that 


mm =0. (4.4) 
Substituting from (4.2) and (4.4) into (2.12), we have 


set ke Lalkr) 
qd —k/2 Koln) 


sind , (4.5): 


where we have put g=p+k/2 so that k=1/2kq- Using the asymptotic expansions of Bessel 
functions, we obtain 


Fi be 24 exp [kx —V/ 2kq (r—1)] 


q—k/2 
3 1 5 1 105 1 
<4) al ——— nae 
{ ai 8 V2kq-r 128 2kq-r? 1024 (2kq)*/2r3 + \ 
1 i 9 1 Us 1 1 
x 1— —— + = On i] ; : \, 
{ 8 V/2kq | 128 2kq 1024 (kg? \ =e (4.6) 


Application of (2.32b) and its inverse transformation fails owing to the divergence of the 
integral appearing in the inverse transformation. To avoid this difficulty, we take as the 
contour of integration C in (2.32b) a circle of radius r (>1). Thus we have 


da* _ = 2xkqr K2(kr) 


2 © q—-h2 Kus) 
nhs Zaha | 154-1 LOS — 1 315 1 te} 
q—k/2 8 V2kqr 128 2kq-r? 1024 (2kq)*/2-r? 
va 9 1 (eee at . 
by" Te a 5 tena 4.7) 
x{ ar V2kq * 128 2kq 1024 (2kq)*/? \ (4.7) 


For the calculation of w and f 22 zdz by inverse Laplace transformation, we have adopted 
Zz 


a method of successive approximation, that is, retaiving the first term of the asymptotic 
expansion of each of Ko, Ki and Kz for the zero-th approximation, the first two terms of 
the expansion for the first approximation and so on. 

i) The zero-th approximation. We put 


o*= —/ exp [kx—V 2kq (r—1)] sing , (4.8) 
OOE SG. an 25 , 
as 2 dz= —2nkr*/? exp [kx —V 2kq (r—1)] , (4.9). 


for the zero-th approximation as mentioned above. We can carry out easily the inverse 
transformation and have 


2 1 ) : : 
— es —1) sind , (4.10) 
‘. V xtr ca ( Ar Gu? 


ee 02 — VE y3/2(y—1)¢-8/2 exp ( md 4 \8/r ) (4.11) 
az 2 4 
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where c=t/2k and we have omitted the factor exp(—kx—k’r) as well as in the higher ap- 
proximations, because we restrict our consideration to the region near the cylinder and the 
initial period. This omission makes our approximation equivalent to the Stokes type. The 
same result would be obtained from (2.29) and (2.30). 

Substitution from (4.11) to (2.32a) gives 


Co=0. (4.13) 
ii) The first approximation. In this approximation, we put 


Vg +3/(8V 2k -r) 


o*= =~2y/ 2. exp [—V2kq (r—1)] Va Way sind, (4.14) 
oe ly te ye Vg +15/(8V 2k -r) ( 
ie Z dz=—2zakr*/* exp [—V 2kq (r—1)] pT OT er Sa (4,15) 


“Then, we have 


o War Fa exp ( = Pe i) exp ( (rt =/64) 
x Erfe ere was =iVe ; )| sin 8, (4.16) 


dee Zz dz= ars ee 1)r-*/? exp (ae = C= Wr) 
ae ( 14 a exp ( <r Y/r) tg exp ( r= Fr -/64) 
xErfc e (r-1) ui bes -ve)}| (4.17) 


~where 


Erfc x= 7—|_ exp(—H) dt : 
‘Substitution from (4.17) into (2.32a) gives 


Bay [od he tad, ; 
C= ya i. (4.18) 


iii) The second approximation gives 


Gee ive exp ( a exp (—er-D +4") Erfc ( a Frain) 
exp [See “| Erfc je ays )| sin’, (4.19) 
-where 
Ss aa sia) ig hts (4.20) 
vand 
sag(iVIT),  Faag-iV/T7). (4.21) 
“We have 


=e tat} : (4,22) 
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iv) The third approximation gives 
o=a+a1+a2+o3 , (4,23) 
~where 
we 1 ; 
Oy" ——— CRD | Ree sil)tsinws, (4.24) 
Ta 4c 
2 DiéP?—D2&:+Ds il paw ey 
v= T= x &i(7~—1|)-- E427] Erfc ca ) sino ; (4.25 
Vr (Ex—&s (Ez —E;) plas eared AVA Vt ) 
<2, J, k) being even permutation of (1, 2,3), with 
i S S 5 i) 7 
D =3( Li) ta (ihe isa (4.26 
Sate r 128 2)? *~ 1024 rs ane 
‘and 
€1=0.401830 , €2= —0.138415+70.402980 , Es=62, (4.27) 
‘which are the roots of the cubic equation 
if 9 iS 
Shh Re 5 = (4.28 
8 ; 128 1024 ) 
Also we have 
8x 1 1 _ 
C SE f : 4,29 
= R le i 2 4 1 ( ) 
ine) 
& 
(89) 
. 
| 
jag 
a oXo) 0.1 | 10 re HOO 
Fig. 2. RCp/8x vs. 7. The horizontal lines drawn on the right edge show the asymptotic 
values, which correspond to the steady case. 
Table I. Calculated values of RCp/8x for various values of +. 
1) Final period solution (3.10) 
= | l 
ee 1 2 5 10 20 50, la. 100. al oo 
R ree | > s) 
0.08 0.6970 0.5993 | 0.4948 0.4323 0.3823 0.3305 | 0.2997 | 0.2209 
0.4 0.7037 0.6077 | 0.5061 0.4482 | 0.4047 0.3665 | 0.3508 . 0.3426 
1 0.7435 0.6542 | 0.5689 0.5290 0.5080 oa == 0.4994 
‘2) Initial period solution (4.29) 
ie eT 0.01 0.02 0.05 0.1 0.2 0.5 1 
Approx. Stes | 
1st 5.642 3.989 Deore 1.784 Oz 0.7979 0.5642 
2nd 6.142 4.489 3.023 2.284 e762: 1.298 1.064 
3rd 6.128 4.469 2.992 2.240 1.693 1.198 0.9231 


Being equivalent to Stokes’ approximation, the values of RCp/8x are independent of R. 


1770 


$5. Numerical Discussions 


Numerical calculations have been carried 
out for R=0.08, 0.4 and 1. Fig. 2 and Table 
I show the numerical values of RCp/8z for 
various values of c. The asymptotic solution 
corresponding to t-—>co has been obtained by 
the numerical integration of (3.10). 

The asymptotic functional form of RCp/8z 
corresponding to s—0 is not dependent on R 
but only on - as in natural in the Stokes 
approximation. From (4.13) we find that the 
zero-th approximation does not contribute to 
the drag coefficient. The asymptotic solu- 
tions for tr>0 and t—-oco seem to continue 
to each other fairly well in the intermediate 
region of r. 
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Study of Temperature Variation of Ultrasonic Velocity and Adiabatic 


Compressibility in Some Liquids—Part I 


By P.R.K.L. PADMINI and B. RAMACHANDRA RAO 


Ultrasonic Laboratories, Physics Department, Andhra University, 
Waltair, INDIA 


(Received May 27, 1961) 


Temperature variation of ultrasonic velocity and density is studied in 
some organic liquids, low melting point organic solids in melt state, and 


corrosive inorganic liquids. 


It is found that in all the cases the ultra- 
sonic velocity decreased linearly with increase of temperature. 


The tem- 


perature independence of Rao’s molar sound velocity was studied for the 
first time in corrosive inorganic liquids and is established. The new 
relations put forward by Kishimoto and Nomoto for temperature coef- 
ficients of velocity, density and adiabatic compressibility in terms of 
boiling point are examined and confirmed. The relation put forward by 


Lagemann 1/2, 


§1. 


Considerable work has already been done 
on the study of temperature variation of 
ultrasonic velocity in liquid state by Freyer, 
Hubbard and Andrews”, Lagemann, McMillan 
and Woolf”, Bar®, Bhagavantam and Joga 
Rao*, Suryaprakasam®), Willard®, Iyengar”, 
Sette® and others. These investigators found 


Introduction 


AV/4T was also examined. 


that ultrasonic velocity decreased linearly 
with increase of temperature in all the liquids. 
except water. From a systematic study of 
the temperature coefficient of ultrasonic 
velocity in liquids, Lagemann®” and his col- 
laborators concluded that the successive sub- 
stitution of a heavier atom in a molecule 
leads to successively smaller temperature 
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coefficients. They have also obtained the 
following empirical relation connecting the 
molecular weight and the temperature gradi- 
ent of the ultrasonic velocity, 


AV 
——— Ee 
17! SSN) 


(1) 
They have also noticed that this relation does 
not hold good for highly associated liquid like 
water, acetonitrile etc. 

From a systematic study of the tempera- 
ture variation of ultrasonic velocity and den- 
sity, M.R. Rao’ observed that the ratio of 
temperature coefficient of velecity to density 
is nearly constant and is approximately equal 
to 3. From this he deduced the relation 


M/o(V)4=R, (2) 


where R is a constant independent of tem- 
perature which is known as Rao’s constant, 
V is ultrasonic velocity and M/o is molar 
volume. Following Rao’s equation, Wada!" 
has deduced the following relation connect- 
ing adiabatic compressibility and density 

1 db 

Bs dt 
where §s is adiabatic compressibility and “a” 
is the coefficient of expansion. 

Nomoto and Kishimoto!?) deduced Rao’s re- 
lation theoretically using Lennard-Jones and 
Devonshires'® liquid model improved by 
Wentorf-Buchler, Hirschfelder and Curtiss’ 
by taking into consideration the effect of the 
second and third layer molecules. Kishimoto 
and Nomoto! recently deduced from the above 
equation the following relation, at tempera- 
tures corresponding to 0.97, where 7) is 
the boiling point 


=Ta (3) 


(ey 


where $7 is isothermal compressibility and 
using the data available for about 28 organic 
liquids these authors have plotted the value 
of 1/8;-dB:/dT versus “a” and found that 
there is good degree of linearity and obtain- 
ed a value of 6.85 for this ratio which is in 
good agreement with equation (4). 

Following the same lines of theoretical 
study Kishimoto and Nomoto’ have shown 
in a comparison paper that the temperature 
coefficient of isothermal compressibility, ultra- 
sonic velocity and density at temperatures 
corresponding to T=0.9 T>, are inversely pro- 
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portional to the boiling point. However they 
found that the coefficients experimentally 
found are not in agreement with the predic- 
tions of the theory. In the present investi- 
gation the authors have investigated the tem- 
perature effect on, ultrasonic velocity in 
several new liquids including some corrosive 
liquids with a view to check up Rao’s relation, 
Lagemann’s empirical formula and theoretical 
equations deduced by Kishimoto and Nomoto. 


§ 2. Experimental Technique 


The ultrasonic velocities at various tem- 
peratures are determined by the fixed path 
interferometer developed by B.R. Rao and 
K.S. Rao” for the study of temperature 
variation in liquids using a crystal oscillator. 
For highly corrosive liquids which attack the 
metal of the ultrasonic cell, an all glass— 
cell has been used. This glass cell is made 
of a wide pyrex glass tube whose ends are 
closed by two thin flat glass sheets which 
are fused all around the edges maintaining 
the plane parallelism. A side tube serves as 
the inlet as well as the out-let for the liquids 
under study. The thermometer is introduced 
through the inlet after introducing the liquid. 
This cell has the advantage that it can be 
used for any corrosive liquid or liquids giving 
dangerous fumes. Available data for the 
temperature variation of density for some of 
liquids studied is taken from International 
Critical Tables “iC: 1.) The “densities at 
various temperature are determined for the 
remaining liquids for which the data is not 
availablesin® IC... The™ liquidswused are 
either B.D.H. or E. Merck quality and are 
distilled before use. As it is difficult to 
handle the corrosive liquids they are not 
distilled. 


§ 3. Results and Discussion 


The velocity—temperature graphs for vari- 
ous liquids studied are given in Figs. 1 to 5. 

The parameters, 4V/A4T, 1/V-dV/dT, 1/o- 
do/dT, 1/Bs-dBs/dT are calculated and present- 
ed in the Table I. 

As expected the velocity in all the liquids. 
studied decreased linearly with increase of 
temperature, a feature which is characteris- 
tic of all the liquids except water. 

From a study of the data available for a 
large number of homologous series of organic 
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liquids it may be easily noticed that the 
value of 4V/4T generally decreases with in- 
crease of molecular weight, a feature which 
is implicit in Lagemann’s relation (1). Lage- 
mann has pointed out that the successive 
substitution of a heavier atom in a molecule 
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@——-® TRIPHENYL PHOSPHATE 
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Fig. 1. Variation of ultrasonic velocity with tem- 


perature in liquids vinyl acetate, methylmetha- 
crylate, triphenyl Phosphate and azoxybenzene. 
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Fig. 2. Variation of ultrasonic velocity with 
temperature in triethylphosphate, Dimethyl 
sulphate. Diethylsulphate and Diethylamine. 
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results in a decrease of the temperature 
coefficient 4V/AT. Examining the data pre- 
sented in table I in the light of this rule 
the large value of 6.02 for 4V/A4T in the case 
of iso-propylamine may be explained as due 


are = ins qt T 
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Fig. 3. Variation of ultrasonic velocity with 
temperature in Phenol, Phenyl Salicylate, Maleic 
Anhydride, and Diphenyl. 
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Fig. 4. Variation of ultrasonic velocity with 
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Trichloride, Thionyl chloride sulphuryl chloride 
and Isopropylamine. 
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to its lower molecular weight compared 
to diethylamine. Similar feature is noticed 
in the pairs of liquids ethyl and triphenyl 
phosphates, sulphur chloride and_ thionyl 
chloride and in the series of monomers. 
However the case of pairs of liquids like 
dimethyl diethyl sulphate, sulphur chloride 
and sulphuryl chloride, and azo and azoxy- 
benzene, the results are not in accordance 
with the above rule in that the values 
of 4V/4T increased with increase of mole- 
cular weight. Although there are several 
exceptions to this rule, examining the data 
as a whole it will be seen that there is a 
general qualitative agreement. As for in- 
stance antimony trichloide which has a fair- 
ly high molecular weight has a low value of 
AV/4T, namely 2.0 whereas isopropylamine 
which has the lowest molecular weight among 
all the chemicals studied here has the highest 
value of 6.02 for 4V/4T, the other values be- 
ing intermediate. The valuesof M'/? 4V/4T 
presented in the table I for all the liquids 
reveal that some liquids show large deviations 


Paradichlorobenzene. from Lagemann’s empirical value of 39.0. 
Table I. 
| | ye Vd V/dT) | (1/8s)\(d8s/dT) 
No. Compound weight VT ayia) eee) | GlexdeldT) — G/e\(dp/dT) 
1 | Diethylamine Sy AM 4.390 Bp ae: 1083.0 BOS 7.04 
2 | Isopropyl amine | 59e IL i) 96.020 46.50 897.0 -- -- 
3 | Dimethyl sulphate 126.10 3.033 34.05 1025.0 Dra 6.47 
4 | Diethyl sulphate 154.10 3.089 38.35 1393.0 3.00 6.90 
5 | Sulphur chloride 135.04 | 2.778 32.28 853.5 Pod ke 6.72 
6 | Thionyl chloride 119.00 | 3.180 34.68 738.1 2.48 6.35 
7 | Sulphuryl chloride | 135.00 | 3.800 44.15 793.0 Sud 8.08 
8 | Ethyl phosphate 182.20 | 4.150 56.02 1835.0 297, 6.93 
9 | Triphenyl phosphate 326.20 Dass. 69.58 3016.0 3.61 Baol 
10 | Azobenzene 182.20 2.993 40.40 1935.0 2.91 6.76 
11 | Azoxybenzene 198.30 3.095 43.59 1955.0 3.01 6.56 
12 | Vinyl acetate 86.08 4.347 39.79 958.8 3n0 7.95 
13 | Methyl methacrylate 101.00 4,159 41.60 1126.0 AO 10.42 
14 | Ethyl methacrylate 114.10 4.028 45.96 1319.0 6) ILI! 6.55 
15 | Naphthalene | 128.20 2.894 32.70 1387.0 3.24 7.68 
16 | Diphenyl 154.20 Bo Gee! 43.87 1731.0 onl (a slH 
17 | Phenyl salicylate 214.20 3.074 44.99 2035.0 3.68 8.87 
18 | Phenol 94.11 Beall 25.81 1014.0 2.96 7.39 
19 | p-Dichlorobenzene 147.01 3.219 39.02 1235.0 3.16 Ws 2 
20 | Maleic anhydride 98 .06 4.100 40.60 815.0 = _ 
21 | Antimony trichloried | 228.22 2.000 30.21 857.8 2.85 6.61 ‘ 
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Table II. 
| [Boline | fay 1 do To ese 
oe Compound gt 7, | bye (ant be | eee a 7,71" 
1 | Diethylamine 329.0 APs ila 7 9.50 0.37 3.04 
2 | Dimethyl sulphate 461.8 2.70 0.99 6.39 0.46 Pei 
3 | Diethyl sulphate 481.0 2.92 0.98 6.79 | 0.47 2.07 
4 | Sulphur chloride 408.6 2.58 0.95 6.35 0.39 2.45: 
5 | Thionyl chloride 355.0 | 2.98 1.20 7.63 | 0.43 2.82' 
6 | Sulphuryl chloride 342.0 4.16 | WAY 9.48 0.33 2.92: 
7 | Ethyl phosphate 489 .0 3.05 1.01 6.99 | 0.50 | 2.04 
8 | Triphenyl phosphate 518.0 2.26 0.62 5.19 0.32 1.93: 
9 | Azobenzene 570.4 2.46 0.85 5.73 0.48 1.75 
10 | Azoxybenzene — More 0.77 5.05 — 
11 | Vinyl acetate 355.0 4.39 125 9.94 0.43 2.90" 
12 | Methyl methacrylate 373.0 4.28 0.94 9.77 0.35 2.68- 
13 | Ethyl methacrylate 390.0 4.19 1.35 8.82 | 0255 2.56- 
14 | Naphthalene 490.0 | 2250 ORG 5.94 0.38 2.04 
15 | Diphenyl B29 | ego: | Ug 6.36 | 0.47 1.89 
16 | Phenyl salicylate 446.0 2.46 0.67 5295 | 0.30 Zee 
17 | Phenol 455.0 | 2.63 0.89 6.58 | 0.41 2.20) 
18 | p-Dichlorobenzene 446.0 | ee 0.99 US | 0.44 2.24 
19 | Antimony tpichloride 496.0 i ss 0.62 4.07 0.31 2.02 


For instance the value is higher than the 
Lagemann’s constant by 40% in the case of 
triphenyl phosphate. The deviation is as 
much as 30% in the case of ethyl phosphate. 
The values obtained are very low in the case 
of phenol and antimony chloride, the devia- 
tions being 56% and 30% respectively. For 
liquids isopropylamine, sulphur chloride, sul- 
phuryl chloride, ethyl methacrylate the devia- 
tion lies between 10 to 20%. The remaining 
liquids show quite a good agreement with 
Lagemann’s formula. 

From an examination of the molar sound 
velocity values at different temperatures for 
each substance, it was noticed that there 
was a remarkable degree of constancy over 
the range of temperature investigated, the 
maximum variation being generally not 
above 1% for most of the liquids. An ex- 
amination of the data for ratio of tempera- 
ture coefficient of velocity and density pre- 
sented in Table Il shows that this ratio is 
fairly constant giving an average value of 
about 3.1 which is in agreement with the 
value of 3 assumed by Rao for obtaining the 
relation (3). In a similar manner if we ex- 
amine the ratio of the temperature coefficient 
of adiabatic compressibility and density, the 


ratio is found to vary between 6.3 and 8.8: 
the average value being about 7.2. This. 
value is in reasonable agreement with the 
value of 6.85 obtained by Nomoto for the: 
same ratio from a study of the data of large: 
number of organic liquids. The remarkable 
degree of constancy of Rao’s constant in the: 
case of liquids like sulphur chloride, thionyl 
chloride, sulphuryl chloride and antimony 
trichloride, shows that Rao’s relation is valid’ 
even for inorganic liquids. Further investi- 
gations in several other inorganic liquids are: 


G/ PCs P/ sT) 


3.0 ES} 


2. 
1/7, 


Relation between 1/o0-do/dT and boiling: 
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necessary to confirm this result. In the case 
‘of substances like naphthalene, azobenzene, 
phenol etc. which are solids at room tem- 
perature, it is evident that Rao’s relation 
holds good in the melt state over a fairly 
‘wide range of temperature. 
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Fig. 7. Relation between 1/V-dV/dT and boiling 
point. 
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Fig. 8. Relation between aah and boiling point. 


In order to examine the relations put for- 
ward by Kishimoto and Nomoto between 
temperature coefficient of velocity, density, 
adiabatic compressibility and the boiling point, 
the values 1/V-dV/dT, 1/o0-de/dT and 1/Bs- 
dB;/dT, are calculated for all the new liquids 
studied and the results are presented in the 
Table II along with the boiling point 7, and 
its reciprocal. Thhe values thus obtained 
are plotted in Figs. 6,7 and 8. For the three 
plots presented in these figures it may be 
seen that most of the points fall roughly on 
a line passing through the origin indicating 
that both the temperature coefficients of 
velocity, density and compressibility are near- 
ly linear functions of reciprocal of the boil- 
ing points. From these experimental graphs 
the following relations are obtained. 
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Comparing these equations with those obtain- 
ed by Kishimoto and Nomoto from a study 
of a large number of organic liquids for 
which data is available in literature it may 
be seen that there is fairly good agreement. 
The gradient of the compressibility graph 
which is 3.3 is higher than the value of 2.8 
obtained by Kishimoto and Nomoto. Similar- 
ly the gradient of velocity boiling point 
graphs is about 1.32 and this is little higher 
than the value of 1.2 obtained by these 
authors. The gradient of the a—1/T, graph 
was given as 0.41 by Kishimoto and Nomoto 
and this value is in excellent agreement with 
the average value of 7,-a@ product obtained 
here. Thus it may be seen that the linear 
variation relationships given by Kishimoto 
and Nomoto are confirmed by the present 
investigation for the new liquids studied and 
it is evident that these relations have a wide 
applicability. 
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Scintillation from the Solid Xenon 


By Sigeo TAKEMOTO, Takeo HASEGAWA 
and Saburo HOMMA 


Department of Physics, Tohoku University, 
Sendai, Japan 


(Received July 5, 1961) 


Xenon was investigated by Sayres and Wu!) as 
a gas scintillation counter. According to their ex- 
periment, the scintillation pulse height produced 
by Po?!° alpha particles was very low in compari- 
son with CsI(Tl); but when the photomultiplier 
was used with a wave length shifter, quaterphenyl, 
the pulse height increased by a factor of 106/6. 
Therefore the large part of the scintillation spec- 
trum of xenon gas produced by alpha particles 
might be beyond the short wave length limit of 
the photomultiplier. 

In the present experiment, the xenon gas was 
frozen by a liquid air and the scintillation pulse 
from the solid xenon due to Po*!® alpha particles 
were measured with an electronic system consisted 
of DuMont 6291 photomultiplier, cathode follower 
and Iwasaki 30 MC synchroscope (vertical rise time 
1.2 >G10m sec). 


Xe-SOLID 
or CsI(Tl) CRYSTAL 


ALUMINIUM PIPE 


210 


a-SOURCE Po 
SOURCE HOLDER 


! 
SCALES ee om 
Fig. 1. The experimental apparatus for the 
measurement of the scintillation light from the 
solid xenon. 


Fig. 1 shows the experimental apparatus. About 
20cc xenon gas was blown upon the flat surface 
of a stainless vessel in which liquid air was con- 


tained. The gas was frozen instantaneously on the 
stainless surface. The thickness of the frozen 
xenon was about 10 mg/cm?, which was enough to 
stop the 5.3 MeV alpha particles. The scintillation 
light from the solid xenon entered into the photo- 
multiplier through an aluminium pipe. A typical 
example of the scintillation pulses from the solid 
xenon is shown in Fig. 2 in comparison with 


Csh (Tl) 


SOLID Xe 


‘Sas Ske 

Fig. 2. A typical example of the output pulse 
from the cathode follower (measured with 
Iwasaki 30 MC synchroscope). 


CsI(T1) (0 mm¢ x1 mm, at room temperature). The 
pulse height of the solid xenon was about 1/3 times 
as high as that of CsI(Tl). The fluctuation of the 
alpha pulse height in the solid xenon scintillator 
might be chiefly due to the poor transparency and 
the inhomogeneity of the frozen material. In order 
to make the pulse height increase, a wave length 
shifter, sodium salicylate, was placed on the photo- 
multiplier, but no remarkable improvement in the 
pulse height was observed. Therefore the scintil- 
lation spectrum of the solid xenon might be con- 
sidered to be in the sensitive part of the photo- 
multiplier. 

The decay time was also studied using the above 
synchroscope and was obtained to be less than 
610-8 sec for the solid xenon. 

From the present experiment the possibility of 
xenon as the liquid scintillator might be suggested. 
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Proton Magnetic Resonance and the 
Polymorphism of Triglycerides 


By Haruo NAKAJIMA 


Department of Physics, Faculty of Science, 
Hokkaido University, Sapporo, Japan 


(Received June 5, 1961) 


The crystalline modifications of the saturated 
triglycerides have been studied by thermal, x-ray, 
and infra-red techniques.’).2) In order to investigate 
the molecular motion in the different crystalline 
forms and the mechanism of double melting, measure- 
ments of the temperature dependence of the proton 
magnetic resonance absorption spectrum were 
carried out on two of the triglycerides, tristearin 
(Cy7H3sCOO)3CsH; and tripalmitin (C1;H3,COO)3C3H; , 
in their 8- and a-form. The stable @-forms of both 
triglycerides were prepared by crystallizing the 
samples from toluene; the less stable a-forms, by 
quenching the molten samples in water-ice mixture. 

The second moments of the resonance absorption 
spectrum of tristearin in both crystalline forms 
are plotted against temperature in Fig. 1. Their 


nm 
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| 


-O- £B-form 


-—® a-form 


Second Moment (gauss*) 
oO 
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-100 E50 O 
T°C 
Fig. 1. Second moment versus temperature curves 
for B- and a-form of tristearin. 


experimental error is about +5% at room temper- 
ature and is about +10% far below it. The similar 
behavior and similar numerical value are seen in 
the temperature dependence of the second moment 
of tripalmitin. The center peaks of the resonance 
absorption derivative, which are prominent above 
room temperature and are out of scale at higher 
temperatures, seem to be of a liquid-like nature. 
The second moments of the absorption derivative 
except the center peaks are determined above 40°C. 
They may be called as the second moments of the 
solid part. The glycerole residue is likely to play 
an important part in the center peaks. 

At the temperatures below about —80°C, the 
second moments of both crystalline forms are fairly 
close to the rigid structure value for a single chain 
of the acid-radical in the molecule. The difference 
in the intermolecular contribution to the second 
moment between both forms may be very slight 
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at these temperatures, if they have the different 
crystalline structures. On the other hand, hindered 
rotation or oscillation of the molecule about its 
chain axis in the crystal may explain the decrease 
in the second moment of the a-form above —50 
°C.3) This is parallel to the result of the x-ray 
and infra-red measurements‘) that the a-form has 
hexagonal packing rather than a vitreous form!) 
at room temperature. 

At the lower melting point of each triglyceride, 
54°C for tristearin and 44°C for tripalmitin, a 
transition of the crystalline structure from the a- 
to the £-form is seen in the resonance absorption 
spectra of the solid part of the a-form. Fig. 2 


is) 


Second Moment (gauss?) 


(e) 


(b) 
Transition from the a- to the @-form. 
(a) Second moment versus temperature curves 
of the solid part of tristearin. 


(b) Proton resonance derivatives of tripalmitin 
at. 43c@ande4a ©, 


Higue2. 


represents this transition (a) in the second moment 
of the solid part of tristearin and (b) in the line 
shape of tripalmitin. The increase in the second 
moment with increasing temperature was reported 
in the case of liquid crystal.) No change in the 
line shape of the a-form has been noticed beyond 
the experimental error for several weeks at room 
temperature. 
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Observation of the Tracks of Fission 
Fragments in Molybdenite 


By Kazuhiko IZUI and F. Eiichi FuJITa* 


Japan Atomic Energy Research Institute 
Tokai-mura, Ibaragi-ken, Japan 


(Received May 8, 1961) 


Recently electron microscopy of fission fragment- 
irradiated materials such as mica!), evaporated film 
of uranium oxide?) and graphite’) has revealed the 
presence of the tracks of fission fragments ex- 
hibiting the thermal spike effects!) of them. 

Present note reports some remarkable features 
of the tracks of the fission fragments in molybdenite 
crystal observed with an electron microscope, which 
would make possible to give a detailed analysis of 
the thermal spike region. 

The thin film of molybdenite was superposed on 
the evaporated film of uranium and exposed to the 
thermal neutrons in JRR-1 reactor to the total doses 
of the order of 10!67%/cm? together with the uranium 
film and then observed with Hitachi electron micro- 
scope of HU-10 type after detaching the uranium 
film. 

The tracks of fission fragments were observed as 
shown in photo. 1 where many of them appear as 


10008 


Photo. 1. 


straight lines about 100A wide and some of them 
as linear arrays of spots. The contrasts of the 
tracks are reversed to that of the matrix crystal in 
some parts of the regions where the extinction 
contour bands appear, which indicate that they are 
the diffraction contrasts caused by the variations in 
the Bragg conditions in the crystal. These narrow 
regions along the tracks seem to be small recrystal- 
lized regions produced by thermal spike effects of 
the fission fragments passing through the crystal, 
as pointed out in the case of graphite®?. 


* Present address: Brookhaven National Labo- 
ratory, Upton,.L.I., N.Y., U.S.A, 
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In some case the appearences of the tracks are 
modified by varying the diffraction condition in the 
crystal as shown in photo. 2(a) and 2(b) which are 
the photographs taken from the same area in the 
slightly different inclination of the specimen to the 
electron beam. In photo. 2(a) the track consists of 
a linear array of shots, while in photo. 2(b) it con- 
tains not only spots but light narrow lines about 
50A wide penetrating the centers of each spots. 

It may be concluded from these facts that the 
structure of the thermal spike region is of the form 
which is illustrated in Fig. 1, where dotted lines 
indicate the spreading of the strain field around 
the spike region. The origin of such structure 


° 
(b) 000A 
Photo. 2. 


Fig. 1. 


may be attributed to the un-uniformity in solidifica- 
tion of the molton material in the spike region 
which had initially uniform cylindrical shape. 

The authors wish to express their hearty thanks 
to Prof. R. Uyeda of Nagoya University for his 
suggestion to do this experiment and for his offering 
molybdenite sample. 


References 
1) E. C. H. Silk and R. S Barnes: Phil. Mag., 4 
(1959) 970 
2) T.S. Noggle and J. O. Stiegler: J. Appl. Phys., 


31 (1960) 2199. 

3) K. Izui and F. E. Fujita: 
16 (1961) 1032. 

4) F. Seitz and J. S. Koehler: 
2 (1956) 305. 


J. Phys. Soc. Japan, 


Solid State Physics, 


1780 


J. Puys. Soc. JAPAN 16 (1961) 1780~1781 


On the Extraordinary X-ray Diffraction 
Intensities of Quenched TiC Powder 


By Shiro FUJISHIRO 


Department of Chemistry, Faculty of Science, 
Kyoto University, Kyoto, Japan 


(Received June 19, 1961) 


Titanium carbide, that has a high melting point 
and a great hardness, appears to be an intermetallic 
compound with a strong directional bonding between 
Ti and C!). The heat of formation of TiC, that is 
a measure of the bond strength, is about 30-40 
Kceal?).3) at room temperature, much greater that 
that of ordered alloys. This fact suggests a highly 
ordered arrangement of Ti and C in the crystal. 
A rough calculation based on the quasi-chemical 
method!), however, showed that the number of 
Ti-C bond decreases gradually with temperature, 
particularly above 2500°K. 

The original purpose of the present experiment 
was, therefore, to detect the exchange of Ti and C 
in their sites due to thermal vibration on X-ray 
data. Quenched specimens of TiC have been inves- 
tigated in the present experiment but no such 
effect was found. On the contrary, extraordinary 
diffraction patterns were obtained, that would not 
be explained only by frozen vacancies or atoms in 
the wrong lattice sites. Powdered titanium carbide 
prepared from titanium sponge was employed as 
the specimen. Lattice parameter was 4.321+0.001 
A. The specimen in a graphite basket was sus- 
pended from the top of a quartz furnace tube by 
means of a thin tungsten wire. In the bottom of 
the tube liquid argon was stored,,. which was cooled 
by liquid nitrogen from outside to minimize the 
evaporation of liquid argon. Purified argon gas 
was flashed and passed always through the system 
during a run. This procedure prevents TiC from 
oxidation or nitriding. High temperatures up to 
2500°C were attained by means of an induction 
unit. After the specimen was maintained at a 
desired temperature for a sufficient time, the top 
of tungsten wire was unhooked so that the spe- 
cimen fell into the pool of liquid argon. In order 
to determine the structure of the quenched spe- 
cimen, this was immediately tested by means of a 
Geiger-flex X-ray diffractometer. In Fig. 1 the 
chart at the top shows the diffraction pattern for 
an ordinary TiC powder. The middle chart was 
obtained from TiC which had been quenched from 
2500°C, in which the diffraction intensities of (111), 
(220) and (222) were remarkably increased. Neither 
line broadening nor significant change in lattice 
parameter occurred as a consequence of quenching. 
By annealing this specimen at 500°C for an hour 
in vacuum, the chart at the bottom was obtained. 
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This would indicate a stage of recovery, whereas 
no such sign occurred when the identical specimen 
was aged at room temperature for a week. Re- 
peated experiments gave the same results although 
the degree of increase of the intensities depended 
on the quenching rate, the temperature at which 
and the time for which the specimen was main- 
tained. 

Gilman) reported that in NaCl type crystals the 
glide {110}<110> or {100}<110> occurs, depending on 
the polarizability of a crystal and the temperature 
It seems that the anisotropic contraction due to 
quenching may cause this sort of slips, but if it 
were so, the line Broadening and the shift of 
scattering angles must be observed?). 
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Fig. 1: X- powder by CuKa. 


A tentative calculation showed that the slip 
{100}<100> with a vector of half of the unit cell 
and with an appropriate periodicity results not in 
line broadening but in an increase of intensity at 
(111) as being expressed by a(Fri+Fc)?. In an 
ordinary crystal this is given by a(Fri—Fc)?. Here 
a is a constant, Fri and Fo are the atomic structure 
factors of Ti and C, respectively. 

As no decisive conclusion, however, can be drawn 
from the above results, further investigation will 
be done to elucidate this phenomenon. The author 
wishes to express his appreciation to professors S. 
Kachi and R. Maddin for stimulating discussions. 
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The Flow of a Viscous Fluid past 
a Porous Flat Plate 


By Mitutosi KAWAGUTI 


Railway Technical Research Institute, 
Tokyo 


(Received July 28, 1961) 


It is of theoretical as well as practical interest 
to study the flow past a bluff body which has 
numerous gaps, such as railway bridges, snow break 
forests, etc. Asa first step to this study, we have 
investigated the flow of a viscous fluid past a 
porous flat plate through which the fluid may pass 
with the velocity proportional to the pressure dif- 
ference between the both sides of the plate. First, 
assuming that the Reynolds number of the flow is 
sufficiently small, we have obtained the Oseen ap- 
proximate solution for the flow past a (non-porous) 
flat plate which is put perpendicularly to the flow, 
and have calculated the pressure difference between 
the upstream and the downstream sides of the 
plate. Next, we have studied the correction due 
to the flow through the plate. 

The Oseen solution for the flow past a _ two- 
dimensional ordinary flat plate may be easily ob- 
tained with Imai’s method!). Thus, the complex 
velocity at the point P (whose complex coordinate 
is z) can be given as 


NS ed ee 
aa: 2 z/ @ Zi aes 
ik Way > 
5 g In ZZ+O(k) , 
where the breadth of the plate is assumed as 4, 
and 


Beh =, 


(1) 


S=I1n (2/k)—0.57721 --- , 
k=U/2y , 
U and y being the undisturbed velocity and the 
kinematic viscosity, respectively. 

The pressure distribution over the surface of the 
plate is given as 

p= +ov(U/S)1—y?/4)—1/2+const. + O(k*) , 

(g=a+ty) , 

downstream side). (2) 

Then the flow velocity through the flat plate U; 
js assumed as 


(+: upstream side, —: 
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U,=K4p/pU=(2vK/S)G(y) , (3) 


where 

G(y)=(—y?/4)-? 
and K is a proportional constant which may be 
determined theoretically or experimentally. 

Now we shall approixmate the function G(y) by 
py 
aed aye (4) 
The first and the second terms in (4) correspond 
to a uniform flow and the flow due to a linear 
distribution of vortices over the surface of flat 
plate respectively. A and B may be determined 
from appropriate conditions on Fy). (For example, 
A=1.564, B=—0.141, if we adopt the condition 
that F’(y) and G(y) coincide with each other at the 
points y=0, y=+1. It has been found that some 
other conceivable conditions give the values A and 
B much the same order of magnitude as above.) 

Next, we consider the correction to the drag of 
the flat plate due to the presence of gaps. It is 
easily shown that the second term in F'(y) does 
not contribute to the drag. The contribution of 
the first term in F'(y) to the drag may be obtained, 
by superposing on the uniform flow U the flow that 
is at rest at infinity and has the velocity uwU= 
2vKA/S on the flat plate. But, such a flow may 
be obtained by superposition of the uniform flow 
of velocity —u)U past a fixed non-porous flat plate 
and a uniform flow woU. 

Finally the drag of the porous flat plate has been 
obtained as 


Fy)=A+B | 


8r 8KA 
=- = R)+0(K), (9 
("pg FOR) +OK), (5) 
where R=UL/v is the Reynolds number, L being 
the breadth of the plate. 
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Observations on the Etch Patterns in 
Deformed KCI Crystals 


By Masayoshi SAKAMOTO 


Department of Physics, 
Tokyo College of Science, 
Shinjuku-ku, Tokyo, Japan 


(Received June 2, 1961) 


Recently Gilman and Johnston!) proposed a 
mechanism of dislocation multiplication in alkali- 
halide crystals, which includes a double cross-glide 
mechanism similar to that formerly proposed by 
Koehler?) and Orowan?). According to this mecha- 
nism, a length of a gliding screw dislocation moves 
by cross-glide onto a nearby plane parallel to the 
original glide plane and a multiplication results 
from prismatic loops or trails formed by jogs on 
moving screw dislocations. These screw disloca- 
tions must have many cusps, because of dragging 
force exerted by the trails. Therefore, it is espe- 
cially of interest, with regard to this mechanism, 
to observe etch patterns of deformed KCl crystals. 
The present report describes the results of obser- 
vations on etch patterns on surfaces, nearly parallel 
to {110} plane or glide plane, of mechanically de- 
formed KCl crystal. 

Specimens were subjected to a light compression 
or bending, and single slip bands were produced. 
A cut was made with wet nylon string, in the 
portion where density of slips is low, along a plane 
parallel to the glide plane as AB in Fig. 1. The 


A 
*B 


Fig. 1. Cutting of the specimen. 


surface obtained by cutting was scraped carefully 
about 100~200u in depth by chemically polishing 
method, followed by etching with the technique 
used in the previous work‘). Many photographs 
of the etch patterns were taken on crystals ob- 
tained by these procedures. Each of these surfaces 
seems to be in tilt by a small angle against the 
{110} plane, taking into account the method of 
cutting and scraping. 

A typical example of the photographs is shown 
in Fig. 2. It may be recognized as a remarkable 
feature that there are several paired etch pits 
among many normal ones and that both trails of 
these paired etch pits are closing together in the 
[100] direction or, conversely, sometimes opening 
out probably in the [0]1] direction oppositely, both 
in cusp shape, as shown in Fig. 3(a) and (a’). 
Some examples of the cusp-like pits are shown by 
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arrows in the photograph. 

On the other hand, mechanically deformed speci- 
mens were kept at 500~600°C for several hours. 
It was observed on these specimens that some 
change in the form of paired etch pits has taken 
place. Fig. 3(b) shows their shape which is sur- 
rounded by straight lines instead of smooth curves 
on the specimen before the treatment. 


Riga: 


Paired etch pits. 


(b) 


Fig. 3. Sketches of paired pits. 


The two features described above are observed 
only on the surfaces near the {110} plane of de- 
formed crystals. Therefore, these paired etch pits 
may be interpreted to be the cusps attached to the 
screw dislocations. The shape change of paired 
etch pits by the heat treatment may be conceived 
to result from the tension of dislocation and the 
interaction between oppositely signed dislocations. 
It must be noted that in the present work patterns 
of stepped trails were also observed, providing 
another evidence to the mechanism above. 
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Preparation of Gallium Phosphide Crystals 
and Their Etch Pattern 


By Sigeru IIzIMA and Makoto KIKUCHI 


Electrotechnical Laboratory, 
Tokyo, Japan 
(Received July 13, 1961) 


Crystals of gallium phosphide are made from the 
elements in an inactive atmosphere. As shown in 
Fig. 1, the quartz boats containing elemental gal- 
lium and phosphorus respectively are placed in a 
quartz tube which is closed at one end. This tube 
is placed in a large outer quartz tube, and heated 
in the flow of argon gas, so that the temperatures 
at the quartz boat containing gallium metal and 


Bee 


Quartz wool 


Fig. 1. Diagram of apparatus used for preparing 
gallium phosphide. 


Fig. 2. Plate-shaped crystals of gallium phosphide. 
Scale: 1mm a division. 


the other containing phosphorus are controlled at 
1200°C and 150-400°C, respectively. Heating and 
controlling of the temperatures are achieved by 
using Pt wire wound furnace and the potentiometer 
type controller. After heating for 20 hours, the 
furnace is switched off and cooled down to room 
temperature. 

Plate-shaped crystals about 0.3mm thick are 
found in the gallium metal, and by treating in hot 
dilute HCl excess gallium can be removed (Fig. 2). 
On the inner wall of the inner quartz tube, there 
grow very thin and flexible ribbon-shaped crystals 
(Fig. 3). 

Crystal of gallium phosphide has the structure of 
zinc blende type, and the flat faces of the plate- 
shaped crystals are {111} faces. When etched in 
a mixture of 1 part HNO; and HF for 15 minutes, 
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Fig. 3. Ribbon-shaped crystals of 
phide. 


gallium phos- 
Scale: 1mm a division. 
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(b) 


Fig. 4. (a) Characteristic etch pattern on one 
face. (b) The opposite face. Diagonal of the 


figures is about 1.5mm. 


on one face of the plate-shaped crystal appears a 
characteristic etch pattern which resembles that of 
germanium (111) face etched by superoxol (Fig. 
4(a)). On the opposite face, no characteristic pat- 
tern can be found (Fig. 4(b)). White and Roth!) 
have reported the observation of polarity of gallium 
arsenide crystals. Probably, a similar consideration 
may be admitted that the face with the character- 
istic pattern is correlated with White and Roth’s 
case 2 in which the gallium atoms are on the out- 
side of the double layer. 
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Electroluminescence in Gallium Phosphide 
Single Crystals 


By Sigeru IiZIMA and Makoto KIKUCHI 


Electrotechnical Laboratory, 
Tokyo, Japan 


(Received July 13, 1961) 


Point contact V-I characteristics and electro- 
luminescent properties of gallium phosphide crystals 
synthesized in argon atmosphere at elevated tem- 
perature!) are observed. Resistivities of our crys- 


tals, which are not doped with any impurities 
purposely, range from 0.1 to lohm-cm and the 
conductivity is n-type. 

On making the large-area contact to the plate- 
shaped crystal with silver paint on the one side 
and making metal point contact on the other, good 
A typical V-I 
As is shown in 
the figure, breakdown voltage of our samples is 


5-10 When the breakdown occurs, 


rectification effects are observed. 
characteristic is shown in Fig. 1. 


about volts. 


large, Il. 


Point contact V-I characteristic 


in our 
typical n-type crystal. Abscissa: voltage, 2 
volts per division; ordinate: current, 250 yA 


per division. 


orange-yellow light emission 
shown in Fig. 2. 


is observed, as is 
It looks likely that the light 
emission prevails over the whole crystal, but it is 
probably due to the internal reflection of the light 
emitted at the point contact. The fact that light 
is emitted only when the breakdown occurs in our 
crystal is seen from the photograph of Fig. 3. 
Upper trace in the figure shows the change of the 
light intensity received by photomultiplier tube 
7306, and lower trace shows the change of the cur- 
rent which flows through the contact, when ac 
voltage of 400cps is applied. The absence of 
electroluminescence at the forward bias is probably 
due to the presence of the deathnium levels caused 
by considerable amount of impurities unintentionally 
introduced in our crystals. 

Fig. 4 shows the trace of current ys light intensity 
characteristic. From the figure, it appears that 
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(b) 
Fig. 2. Photograph of GaP crystal with point 
contact, (a) by external illumination; (b) by 


electroluminescence. 


Fig. 3. Upper trace: light intensity; lower trace: 
current, 10 mA per division. 


Fig. 4. Current vs light intensity characteristic. 
Abscissa: current, 2mA per division; ordinate; 
light intensity, arbitrary scale. 
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light intensity is proportional to the backward 
breakdown current. This suggests that the bimo- 
lecular radiative recombination is the dominant 


effect when the light is emitted at the breakdown 
region. 
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Crystal Distortion of FeO on Cooling past 
its Néel Temperature 


By Yoshiko SUZUKI and Eiichi ASADA 


Government Chemical Industrial Research 
Institute, Tokyo 


(Received May 31, 1961) 


It is well known that FeO becomes antiferro- 
magnetic on cooling past the Néel temperature and 
the crystal lattice exhibits a small rhombohedral 
distortion from its original simple NaCl-type struc- 
ture?), 

The magnitude of the distortion is affected by 
the content of excess oxygen over FeO and this 
can be varied over a relatively wide rang; B.T.M. 
Willis and H. P. Rooksby?) has reported that the 
distortion diminishes with decreasing iron concen- 
tration, that is, with increasing departure from 
stoichiometric FeO. 

In the present, in order to investigate the crystal- 
lographic transition point and the dependence of 
the distortion of FeO on the temperature, X-ray 
diffraction measurement was made continuously 
over a range from room temperature to 83°K. 
Rate of increasing and decreasing temperature were 
both 2°C/min.. Ferrous oxalate was precipitated 
from solution of ferrous chloride which was pre- 
pared from electrolytic iron. Precipitate was de- 
composed by heating at 800°C in vaccuo, thus 
sample I was obtained. Because this product gave 
lines of free iron as well as ferrous oxide on the 
X-ray powder pattern, it was again heated at 1000° 
C for several hrs.. This was called sample II, 
and it gave no line of free iron and showed an 
increased lattice parameter by 0.003 A. 

Observed diffraction line was (220) in cubic index 
which splitted into (211) and (101) in rhombohedral 
indices. In sample II, the line was gradually 
broadened on initial stage of cooling below the 
room temperature and became splited into two 
lines from which rhombohedral lattice constants a 
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and a were calculated. The split grew larger as 
the temperature approached to 83°K. 

Fig. 1 show the half-value breadth of the line 
and the rhombohedral angle a versus temperature 
relations. 

In sample I, the line (220) was broadened similarly 
as in sample II, but remained unsplit even at 
liquid-nitrogen temperature. The starting temper- 
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Fig. 1. Half-value breadth B of (220) and rhombo- 
hedral angle a versus temperature. 


atures of line brodening which coincide with each 
other in sample I, and II, are in good accord with 
transition temperature determined by means of the 
measurements of specific heat3) or of dilatometry*’, 
but not of magnetic susceptibility’) as shown in 
Table I. 


Table I. 
Specific heat?) 183-184°K 
Dilatometry?? 186°K 
Magnetic susceptibility®) | 198°K 
X-ray photografic® | 203°K 
| 


X-ray diffractometer 180-185°K 


R. Collongues’) suggested that FeO with minimum 
iron content may distort to tetragonal symmetry. 
But in our present experiment, all X-ray patterns 
of sample I were in good agreement with those of 
the initial stage of sample II. 

Further, with purpose to increase iron content 
and to make change in the Néel temperature, 
about 5 mole % of Fe powder (sample III) and 
Mn, Cr, Co, Cu, Zn powder etc. were mixed into 
sample I, sintered in vaccuo at 1000°C for several 
hrs. and quenched in water. Fig. 2 shows the 
differences of the distance of (111) and that of (100) 
for these samples. 

So it is obvious that metalic ingredients, such 
as Mn, Cr, Co, etc. lower the crystallographic 
transition point as well as the magnitude of distor- 
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tion at 83°K, whereas excess oxygen over FeO 
affects only the magnitude of distortion. 
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Note on Fe®* ions in Spinel Structure 


By Yoshikazu SUGIURA 


Sony Corporation Research Laboratory 
Hodogaya, Yokokama 


(Received June 3, 1961) 


It was reported in the author’s previous paper?) 
that the line widths of paramagnetic resonance 
absorption of Fe?+ ions in MgAl,O, and ZnA1,O, 
increased with the increasing concentration of ions, 
but decreased down when the concentration was 
further increased beyond a certain value. These 
phenomena were explained as the result of line 
broadening by dipolar interaction and narrowing 
by exchange interaction. It has been found, how- 
ever, that if we assume that Fe?+ ions are randomly 
distributed and take the exchange interaction into 
consideration in the calculation of second and fourth 
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moments based on the method of Kittel and 
Abrahams?), the maximum of line width is not 
expected for all concentration range. 

We will give here another explanation based on 
the change in distribution of Fe3+ ions in A and B 
sites with their concentrations. 

In the following calculation it is assumed that 
exchange interaction -is isotropic and the terms. 
linear in exchange interactions is neglected to their 
square terms. To compare with the results of ex- 
periments with polycrystalline samples the second 
and fourth moment are averaged over all angles. 
The second moments are calculated in spinel struc- 
ture as follows, 

on A site: -h®<4v2>=3S(S+1){0.65522 
g*B* 
(a/4)s’ 
h?<dv?>=4S(S+1){1.514y? 
g*Bt 
(a/4)s ” 
where f is the concentration of magnetic ions, and 
x and y are the rates of magnetic ions occupying 
A ane B sites, respectively. («+y=1). a is the 
lattice constant and # is the Bohr magneton. 

When f is low, only the linear terms of f con- 
tribute to the fourth moment. Assuming that the 
line shape is Lorentzian with cut-off frequency?), 
the line widths are obtained from the second and 
fourth moments. In Fig. 1 the dotted lines show 


+1.133ay)f 


on B site: 


+1.133xy}f 


ZnAleO4 


Calc, (A site) 


MgAlzO4 


0.5, et 
Bigemie 


Se 


1,0 f 


the total width between maximum slopes in the 
absorption curve for r=1 or y=1 neglecting Ana 
and App, the exchange interactions between the mag- 
netic ions occupying the sites indicated by suffixes. 
The full lines show 4Hwmax, siope obtained by sub- 
tracting the width due to the crystalline field from 
the experimental value. In low Jf region Fe+ ions 
are assumed to occupy A sites in MgAl,.0O, and B 
sites in ZnAl,O,, consistent with the assumption 
used in calculating the crystalline fields on A and 
B sites. It is estimated from the difference be- 
tween the calculated and experimental curves that 
Aaalg8=0.7103 Oe for MgAl,0, and Abb/g@=1.1x 
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103 Oe for ZnAl,Q,. These values are slightly 
smaller than the one estimated from Curie point. 

In high f region, the calculated line widths in- 
crease proportional to f1/2 and no maximum appears. 
So the following assumptions are proposed to explain 
the experimental results. In ZnAl,O,, Fe8+ ions 
occupy only B sites for low f, but the number of 
ions occupying A sites increase with f and the line 
widths decrease through the narrowing effect of 
large exchange interaction Aap between the magnetic 
ions in A and B sites. In MgAI,O, the variation of 
distribution has a reverse tendency. 

Considering only the large exchange interaction 
Aap, f? term in the fourth moment is as follows, 


on A sites: h*4v4= K{43.62x2y+59.80xy?} , 
on B sites: h*<d4v>=K{76.42xy2+34.90x2y} , 
K=HS(S+1)}f2 7 Ary « 

(a/4)6 


The distributions of Fe’+ ions in A and B sites 
estimated to fit the calculated line widths to the 
experimental ones with Aap/g8=3x105 are shown 
in Fig. 2. Even in limiting case ZnFe,O., almost 


10 
MgAl204 
Zn AlzOq4 
g x 0.3 
£5 5 
> 
02 
0.) 
. L 1.0 
f 0.5 0.5 f 
[Bier 77. 


all Fe’+ ions occupy B sites and this tendency is 
not contradictory to the so-called normal spinel 
structure of ZnFe,O,. In Mg(Al, Fe)O., 15% of 
Fe?+ ions occupy B sites and the variation of dis- 
tribution with the concentration seems to show the 
transition to the so-called inverse spinel structure 
of MgFe,Ox,. 

The authors wish to express their sincere thanks 
to Profs. R. Uyeda and K. Yoshida and Dr. H. 
Yoshioka for their helpful discussions. 
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Surface Field Effect and Noise 
in Ge Grain Boundary 


By Yoshio INUISHI, Ken KOTANI* 
and Ichiro TSURUMI* 


College of Engineering, Osaka University, Osaka 
*Kobe Kogyo Co., Kobe 


(Received June 5, 1961) 


Effects of surface field on the current across the 
grain boundary in n type Ge, and accompanying 
noise were studied. 9.6° grain boundary was form- 
ed in an » type Ge crystal (5.89cm) with [100] 
common axis and sealed into vacuum glass tube 
with a field effect electrode of conducting glass, 
attached on the surface through a mica separater. 
(See Fig. 1) The current I across boundary vs. 


ical voltage across Ge grain 


Current vs. 
boundary at various surface field. 


applied voltage V is shown in Fig. 1 taking field 
effect voltage Vy as parameter. I-V curve seems 
to follow the hyperbolic tangent relation derived 
by Mueller!) and show saturation followed by soft 
breakthrough. The saturation current at room 
temperature increases remarkably by negative field 
voltage (V7<0) application which produces p type 
inversion layer on the both m type Ge surfaces 
and a kind a channel for hole current across 
boundary. Positive field voltage, which should 
form ” type layer bridging grain boundary, did 
not produce remarkable effect except at very high 
value of Vr. 

Fig. 2 shows the current I and mean square 
short circuit noise current <472> at 1 KC as func- 
tions of surface field voltage Vy at room tempera- 
ture. One can see that the increase in surface 
channel current (hole) is accompanied by the in- 
crease in 1/f noise just as the case of PN junc- 
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tion2?), Photocurrent response around boundary 
was obtained by shinning fine beam of chopped 
light through conducting glass electrode at various 
field yoltage Vy as shown in Fig. 3, which evidently 


<ai> at 1KC 
Ty 7x lOAmp2/cycle 


ok 


V=30V 


oe eae eee“ 
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Fig. 2. Current and noise vs. surface field voltage. 


shows the growth of p type channel for Vy<0. 

Without field voltage (Vr=0), the I-V curve 
seems to be little affected by the surface component 
showing minimum saturation current. (Fig. 2) 
Noise spectrum, however, shows small 1/f com- 
ponent beside larger G-R component at lower 
frequency. This fact might suggest inherent 1/f 
noise and barrier height fluctuation at the grain 
boundary. 

At lower temperature (—40°C), positive surface 
field voltage produces remarkable increase in satu- 
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ration current and noise, on the contrary to the 
case of room temperature. The mechanism of this 
phenomena is not clear, but the importance of 
electron current across boundary in lower tempera- 
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Fig. 3. Local photoresponce around grain boundary 
at various surface field. 


ture!) seems to be the case. Thanks go to Mr. 
Shibaike who has carried this experiment. 
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Semiconducting Properties of 
SnSe, and GeSe.* 


By Sizuo ASANABE 


Fundamental Research Laboratory, Nippon 
Electric Co. Ltd., Kawasaki-shi, Japan 
(Received June 23, 1961) 


6 
In connection with the semiconducting properties 


of SnSe!).2) and GeSe®), the compounds SnSes and 
GeSe2 were prepared, by melting the stoichiometric 
amounts of their component materials (Sn, J. M. 
4-nines; Ge, about 8-nines; Se, 5-nines) in evacuat- 
ed quartz tubes. The present note reports some 
semiconducting properties observed on these com- 
pounds. 

(i) SnSe.: In Fig. 1 are shown the electrical 
resistivitiy @ and Hall coefficient R (negative), meas- 
ured in the temperature range from 100°K to 800°K 
using an ordinary d.c. method. The curves A were 
obtained on the specimen quenched from 430°C 
and the curves B on the same specimen by repeat- 


(ohm cm) 
Hall Coefficient R (cm? coulomb") 


Resistivity p 


xO” 


\/T (Tin°eK) 


Fig. 1. Resistivity and Hall coefficient, inverse ab- 
solute temperature curves for a SnSe: crystal. 


ing the measurements. Both the resistivity and 
Hall coefficient fall abruptly at about 700°K, being 
characteristic of ordinary semiconductors. This 
indicates the onset of intrinsic conduction and 
therefore, from the resistivity curve in this tem- 
perature range the energy gap can be estimated to 
be about 1.0 eV. The Hall mobility corresponding 
to the curves A and B in Fig. 1 is in good agree- 
ment above 250°K but at lower temperatures it 


* This work was performed at Kyusyu Univer- 
sity. 
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decreases slightly as the measurement is repeated. 
The temperature dependence of the Hall mobility 
can be interpreted on the assumption of both 
acoustical and optical mode scatterings: 
1/u=4.0X10-®79/2+8.3 x 10-2{exp (720/T—1}-1, 

choosing Debye temperature so that the curve may fit 
the experimental points. The irreversible changes. 
in @ and R in Fig. 1 may be ascribed to the similar 
change in carrier concentrations as observed pre- 
viously in SnSe?).4) and GeSe?). 

(ii) GeSe:: GeSe, is a yellow crystal with strong 
cleavage. The resistivity, being too high to be 
measured at room temperature, can be measured at | 
high temperatures as shown in Fig. 2. From the 
slope of the curves obtained on two specimens the 
energy gap is estimated to be nearly 2.3 eV. On 
the other hand, the optical absorption of the film 


A / 
L 


Resistivity P (ohm cm) 


Ve 


1.2 14 i6 18 20 
1/T (Tin*K) x1o% 
Fig. 2. Resistivity, inverse absolute temperature 
curves for GeSes crystals. 


evaporated on a quartz plate was measured by using 
combination of a medium size quartz spectrograph. 
and a “Speckker ” diaphragm photometer. The 
absorption edge at room temperature was found 
at 5300A, corresponding to 2.35 eV which was in 
good agreement with the thermal data. 

The author should express his sincere thanks to. 
the late Prof. Dr. A. Okazaki for his kind guidance 
and encouragement and to the members of his. 
laboratory for their interests in the present inves- 
tigation. 
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Temperature Dependence of Nuclear — 
Resonance Absorption Line 
Width in Dy'*®. 


By Poh-Kun TSENG, Naomoto SHIKAZONO, 
Hidekuni TAKEKOSHI and Tokio SHOJI 


Department of Nuclear Physics, Japan 
Atomic Energy Research Institute 


(Received May 10, 1961) 


Ofer et al!) investigated the spectrum of the 
recoilles resonance absorption of the 25.7-kev gam- 
ma rays in the decay of Tb‘* using a Dy2O; ab- 
sorber and Tb!6! emitter embedded in Gd,O3, and 
found that the spectrum had a triangular shape 
with a width about an order of 100 times as large 
as the natural width. They gave an interpretation 
that both the emission and absorption line would 
have approximately rectangular shapes produced by 
the hyper-fine splitting due to the internal para- 
magnetic field. 

We have measured the spectrum varying the 
temperature of the Dy,O3; absorber. The method 
is the same as the previous one2). Tb!6! was sepa- 
rated from a neutron-irradiated Gd,;03 sample by 
the ion exchange method. 

The experiment were done keeping the absorber 
at the following temperature: 

1) liquid nitrogen temperature, 

2) room temperature, 

SS eLOORe. 

4) 200°C, 
while the source was kept at room temperature. 

The absorption spectra are shown in Fig. 1. The 
width of the spectrum decreases to about one half 
as the temperature of the absorber rises from the 


RELATIVE ABSORPTION 


-5 -4 SEP SN SY ie) ! 2 3 4 5 


RELATIVE VELOCITY CMe 


Fig. 1. The temperature dependence of the ab- 
sorption spectrum as a function of relative 
velocity between source and absorber. 
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liquid-nitrogen temperature to 200°C, while the 
depth of the spectrum changes only slightly. The 
width of the absorption line is shown in Fig. 2 as 
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Fig. 2. The absorption line width as a function 
absorber temperature. 


a function of the temperature of the absorber. The 
widths of the absorption line in Fig. 2 were obtained 
by subtracting the widths of the emission line from 
those of the observed spectra, because the width 
of the observed spectra are considered to be the 
sum of those of the emission and absorption line. 

Measurements at the room temperature were made 
so carefully that hyper-fine structure, if any, might 
be revealed, but none was observed within the re- 
solution of our experiment, which was less than 
the natural width of the gamma ray. The reason 
for the absence of the hyper-fine structure is con- 
sidered to be that the emission and absorption lines 
are continuous by nature due to the paramagnetic 
relaxation. 

The fact that the width of the absorption spectrum 
becomes smaller at higher temperature, while the 
depth of the spectrum decreases only slightly, will 
be useful for the measurement of the hyper-fine 
structure. If Tb!6! nuclei were embedded in some 
kind of ferromagnetic material in which internal 
field at the nuclei would be of the order of 10° oe, 
then, the Zeeman splitting of emission lines would 
be larger than the width of the absorption line at 
200°C which is about one tenth of the width at the 
room temperature. Under this condition we would 
be able to observe sixteen lines?) in the absorption 
spectrum. The above method would also be 
applicable to the observation of the hyper-fine 
structure in other rare-earth nuclei. 

We would like to thank T. Momota for his en- 
couragement and H. Amano, H. Nakamura and N. 
Masaki for preparing the Tb!®! source. 
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Cubic Contribution to EPR of 
Mn** in MgCl, 


By Hiroaki MATSUMOTO, Kuniya FUKUDA 
Masumi TAKESHIMA and 
Yoichi UCHIDA 


Department of Physics, Faculty of Science, 
Kyoto University 


(Received June 28, 1961) 


Our recent studies on EPR of MgCl.-Mn have 
revealed that the spin Hamitonian has cubic sym- 
metry term and the values of its parameters given 
in the previous report!) need some corrections. 

The EPR spectrum of Mn++ in MgCl, single 
crystal (1.13 mole % of Mn) is shown in Fig. 1 


He - axis | 
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Fig. 1. EPR spectrum of MgCl,-Mn. 


‘for the static magnetic field parallel to the crystal 
c-axis. These spectral lines are analysed with the 
spin Hamiltonian: 


SH = 9BHS+ DS7+ (a/6) (S¢+S,+S82)+ AST, 


~where 
g=2.000+0.001 , D=(—135+45)x10-4cm—!, 
a=(11+5)x10-4cm-! and A=(—82+4) 
<105fem=s . 


‘The calculated line sites shown in the lower part of 
Fig. 1 are in good agreement with the observed 
spectrum. 

The optical absorption spectra of MnCl, single 
crystals, in which the ligand field on Mn** is the 
same as that in MgCl:, were analysed by Pappalardo 
and Stout et al?) and the values of cubic crystalline 
field parameter Dg were obtained as 750 cm~! (Pap- 
palardo) and 830cm~! (Stout). From these values 
the parameter a can be evaluated by Watanabe’s 
theory?) or Powell e¢ al’s relation’), as shown in 
the following table. The agreement of these values 
-with that derived from the analysis of our spectrum 
is not so bad. The covalency effect between Mntt 
and Cl- as indicated by Pappalardo and Stout (the 
covalency parameter e=0.03 or 0.13), if included in 
the theory, would give better agreement between 
the experimental value of a and the calculated one. 
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Dq can be calculated from the spatial distribution 
of Cl- ions and that of 3d electrons in Mn++ jon3). 
The appropriate value of Dg (800 cm-!) can be ob- 
tained by using Slater type wave function>) when 
screening constant of a 3d electron is put to be 0.6 
instead of 0.35 for free ion. 

The axial field parameter of Mn++ is calculated 
from the above Slater type wave function and elec- 
trostatic potential of neighbouring ions as follows?): 

4=13.7X103cm-!. 
From this 4 value and the experimental value of 
D, M’ of Watanabe’s theory?) is evaluated to be 
0.35 cm-}. 

MgCl, with 4.93 mole % of manganese showed a 
broad EPR line as shown in Fig. 2. This broad 


Table I. Calculated values of a from optical 
data of Dq. 

De vl: Moneta, (0s emake = 
erp ahs a wins. vv atanabe. .1 |, uPowell etsal 
Pappalardo 4 6.3 

8.3 


Stout 6 


Fig. 2. Broad EPR line of MgCl,-Mn (4.93 mole 
% of Mn). 


line cannot be explained by dipole broadening of 
hf lines in Fig. 1 with the assumption of uniform 
distribution of Mn++ ions in MgCl. This may 
suggest that manganese ions are not uniformly 
distributed in annealed MgCl, single crystals with 
higher concentration. 

The authors are indebted to the Research Labo- 
ratory of Matsushita Electronic Corporation for 
chemical analysis of manganese in MgCly. 
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An Evidence for the Existence of a 
Diffusion Layer in the Melting 
Process of Semiconductors 


By Shoji TAUCHI 


Central Research Laboratory, Hitachi, Ltd., 
Kokubunj1, Tokyo 


(Received July 6, 1961) 


Formerly Burton et al‘) introduced the concept 
of the diffusion layer for the growth of the crystals 
in order to interprete the dependency of the segre- 
gation coefficient on the growth conditions. We 
found, in the course of the molten diffused process 
of Ge and Si?), that a diffusion layer also exists in 
the melting process of a crystal. In this process, 
after a small portion of the collector crystal is 
melted slowly and uniformly until it reaches the 
state in which both melting and growing phenomena 
completely stop; while maintaining this state for 
a required period the base and emitter impurities 
diffuse from the melt into the crystal thus forming 
a very thin and uniform base layer. 

If we assume that the density of impurities in 
the melt directly under the crystal is equal to that 
corresponding to the initial doping to the melt, 
calculated conditions for the formation of base 
layer are not statisfied experimentally. In order 
to account for this discrepancy we propose the 
following model. In the process of melting the 
crystal a thin layer is formed in the melt which 
contains neither the base nor the emitter impurities 
directly under the crystal. The base and emitter 
impurities diffuse across this layer and then into 
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the crystal. Denoting the effective width of the 
diffusion layer as 6, the nét impurity distribution. 
in the base region is given as follows: 


0 % 
Nee as erfe( 2/ Durtin | 2V/ Dot ) 
0 x 
— Neo erfe( a A paz) ~ No 
- (1) 

where Ny. and No respectively denote the density 
of the base and emitter impurities at the crystal 
surface in contact with the melt, D, and D, the 
diffusivity of the base and emitter impurities in 
the crystal, t,, the diffusion time, Neo the collector 
impurity concentration and Dy the diffusivity of 
the emitter and base impurities in the melt, as- 
sumed to be the same value (510-5 cm?2/sec) for 
simplicity. 

From equation (1) the relation between the limit- 
ing value for Nyo (which is defined as Npo*) and 6 
becomes 


(3) abe) tae ) 


Um Neo jay 
a VN oF ( Dally 
x( 2/ Dotin ) * Noo De 
No(%m)=9 


where 2» denotes the distance from the crystal 
surface to the maximum point of the base impurity 
concentration. By successive experiments we have 
determined the limiting value of Nj * enough to: 
produce a base layer. From this and using the 
equation (2), we can find the value of 6/2 Dytm: 
This value and the density of impurities as well 
as Nyo* are given in the Table I. The last column. 
gives the value of 6. 


(2) 


Table I. The width of the diffusion layer. 


: Neo 20 Noo t, 0) 0 
pete) (cm=8) (cm=8) (cm=3) (sec) 2/ Dut, (mm) 
Si 1.6 x1016 2.41018 8x 1016 15 0.3 0.16 
Ge 1.4x1016 8x1017 .5x1016 15 0.4 0.22 
Another evidence for the existence of the diffu- value. For Si npn junction if the presence of the 


sion layer is the comparison between the experi- 
mental value of the base width?).3) and its expected 


wers(j2) 


Comparison of the calculated and observed 
values of the base width in silicon npn junction. 


JBpyex, AL 


diffusion layer is not taken into account the ex- 
pected values are fairly larger than the observed 
ones. If it is assumed that 0/2 Durtm=9-2, the 
agreement is quite good as can be seen in the 
USitezs AN 

The details will be published in the near future 
in this Journal. 


Appreciation for kind advice and encouragement 


it given to Mr. M. Tomono, Mr. H. Ueda and Mr. 
H. Kodera. 
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The Dynamic Bulk and Shear Viscosities of 
Polyvinylchloride 


By Ryusuke KONO 


Department of Applied Physics, 
Defence Academy, Yokosuka 


(Received July 4, 1961) 


In recent years an energy-dissipating process as- 
sociated with volume deformation for various rub- 
bers has been studied by several workers!). Fol- 
lowing previous work?) by the author on polystrene 
and polymethyl methacrylate, the dynamic bulk 
and shear viscosities of polyvinylchloride were 
measured in frequencies of 1, 2.25 and 5Mc/s at 
temperatures encompassing the transition from 
glassy to flow state. 

Experimental apparatus for the longitudinal and 
transverse wave measurement was the same as that 
reported in the previous paper”). 
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OD a0 60 BO 100 120 40 160 eC 


Temperature in °C 


Fig. 1. Real part of the shear and bulk moduli 
versus temperature. 


The real part of the shear modulus G; and bulk 
modulus K,, the imaginary part of the shear modu- 
lus G, and longitudinal wave modulus Mz (=K2+ 
4G,/3) are plotted against temperature in Figs. 1 
and 2, respectively. The glass transition tempera- 
ture is 78°C by the measurement of linear thermal 


expansion. An increase in G; and K, with increas- 
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ing frequency is noted even in the glassy region, 
showing much more remarkable dispersion in the 
transition region. It was impossible to make any 
measurements for the shear wave in the region 
shown by the dotted line because of the high 
attenuation. The direct determination of the values 
of K, in flow state was impossible, but it can be 
determined since the values of G; in this state 
were very small in comparison with that of the 
real part of longitudinal wave modulus M, (= K,+ 
4G,/3). The dashed line in Fig. 1 represents the 
bulk modulus in flow state Ky. An extended 
frequency plot based on the reduced variable tech- 
nique of Ferry and others?) (after making a small 
correction by multiplying the modulus at absolute 
temperature 7’ by a factor TJ)/T) is carried out. 
The shifted curves of Gi, Kip (=Ki—Ko), Ge and 
Mz for polyvinylchloride at a reference temperature 
of Ty=125°C are shown in Fig. 3. The peak in 
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Fig. 2. Imaginary part of the shear and longi- 
tudinal wave moduli versus temperature. 
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Fig. 3. Real and imaginary parts of the reduced 
shear and bulk moduli reduced to 125°C. 


Gz occurs almost at the same reduced frequency 
as that in K.. The shifting factor ay versus tem- 
perature for shear modulus and bulk modulus are 
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shown in Fig. 4. Williams-Landel-Ferry’s*) equation 
fits the experimental data obtained in the tempera- 
ture range 105°C to 135°C when 7’; is chosen as 
125°C. If logarithms of the factor a7 for G, and 
Kip are plotted against 1/7, the plots fall on a 
single straight line. Thus the apparent activation 
energy for volume deformations is nearly equal to 
that for shear deformations, The value of activa- 
tion energy is 59 Kcal/mol. 


——— 
80 100. +120 #8140 
Temperature in °C 
Fig. 4. Shifting factor a7 versus temperature for 
shear modulus (closed circles) and bulk modulus 
(open circles) reduced to 125°C. Solid line repre- 
sents Williams-Landel-Ferry’s equation (7's= 
W2SXS}. 


It is concluded at once from these results that 
temperature and frequency dependence, the activa- 
tion energy, relaxation times for bulk modulus are 
quite similar to those for shear modulus. Thus 
the molecular mechanism in the volume and shear 
deformations should be the same for polyvinylchlo- 
ride. 
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Reflection of a Weak Shock Wave in 
a Perfectly Conducting Gas 


By Shigeki MORIOKA 


Department of Physics, 
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Ritumeikan University, Kyoto 


(Received May 29, 1961) 


In this note, discussion is made on the “regular” 
reflection!) of a weak plane shock wave propagat- 
ing in a homogeneous, perfectly conducting gas 
from a solid wall, in the presence of a uniform 
magnetic field parallel to the wall. Let us take 
the system of reference in which the shocks are 
at rest. Let a be the shock angle, @ the deflection 
of flow, M the Mach number, A the Alfvén number 
and p the pressure, and let suffixes 1, 2, 3 denote 
the various quantities pertaining to the regions 
bounded by the wall and the shocks as shown in 
Fig. 1. Then, wy=tan(a,—é6,)/tan ay satisfies the 
equation 


Az.Mz.P2, 
i 


\ * 
\ A3.Ms3,.ps, 


(2) 


Fig. 1. Regular reflection of plane shock wave. 
(yi for An, Mis le (2)) tomeAnea a ameancl 
M+ A2+1>0. 


(7 +1)(Av?—-1?2 M2043 
+(AY—1){(7 +1) MY —-2AY—(7-1) AMY 
—(7M,2+2A,?) cot? ay}ay? 
—{(2—y)Av2+(y—1)} M)? cot? aya — My? cot2ay=0 
(a5) 1) 
Assuming that the incident shock is weak and 
hence so is the reflected shock, we can put 
cot? ay=Avr1—ey), wy=1—dy, lel, ldv|<1, 
(2) 


where 
dy =(Ary?—1)(MY—-1)KMY+Avz—-1)>0. 
Eq. (1) then becomes 
01 =Fye1+ Gre? + O(e,’) (3) 
where F, and G, are functions of A,2 and M,2 
given in (6). On the other hand, A,, Ms can be 
expressed in terms of Ai, Mi, »,; and 6,:2) 
A?=A,?—a10; , 
M2? =M2—a;A17{(7 -1)M,24-2}0, , (4) 
p2=pill+yaiA,~70,) , 
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where a;=A,?>—1. Then from Eqs. (1), (2) and (4), 
A,2 and 6, can be expressed as 


Ag? =1,2(1 — RO) + O(e2) , 


(5) 
02=(F + F201)e2 + Grex? + Ole?) , 
where & and F, are functions of A,2 and M,2: 
a Mit+{(y—Nai—1} M24 2a, 
(M2—1)(Mi2+a1) 
pee 2(M2—1)(M2+a1) 
M?{3(MP2—1)+(7+1)ar} ’ 
F 2af c 
ai AP MiA{3(M2—1)+(7+1)ar}? ’ 
fe 2(M,? —1)(M?+a1)g 3 
 AvMi4{3(M2-)+7+Dap ’ 
f=—(2—-7){(2=ya.+1} Ms (6) 


+ {3(5—37)a1+(5—7)} Mit 
—{(@?—-1)a?+36—7)a1+3} Me 
—2ai{(7+1)a1—3} , 
g=—{(2—7)a1+1} Mi 
+ {7-17 —2)ar? + (7—47)a1 +1} MP 
—2a1{(2—7)ai+4} . 
Using Eqs. (2) to (5), the condition for the regular 
reflection, i.e. tan @,=tan@, yields 
G'e.2+ (Fit R’e1)e2—(Fiei + Ge?) =0 (7) 
where 
G’=Gi+(cos? a,—4)Fi+sin? a, FY? 
and 
R’ =F, F.+(cos? a,—4) RF? , 
and terms of O(e3) have been neglected. Thus, 
the regular reflection is possible in the range of 
é, satisfying D=(F1+R’e1)?+4G' (Fie: + G’e,’) 20, 
and hence the value of e¢; corresponding to D=0 
(say €je) gives the limiting shock angle a, by use 
of Eq. (2). The values of ¢;, as a function of 
A,;2, M,? are shown in Fig. 2. The effect of the 


Fig. 2. Values.of ei, as function of Aj’, M,’. 

magnetic field on the limiting curve for the occur- 
ence of regular reflection is shown in Fig. 3. 
For M,>1 and 1S} A,—1>0 only regular reflection 
‘can take place, since the possible value of a, 
such that 90°Sa,;>cot-!4y, is contained in the 
vicinity of cot~!4,, where it has been’ found that 
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regular reflection occurs; in fact a, 90° in this 
case. 


100 02 104 106 


108 100 1.01 102 
(1) Pe/ p, (2 


Pep, 

Fig. 3. Effect of magnetic field on limiting curve, 
above which regular reflection is theoretically 
impossible. (1) for Ai, Mi>1, (2) for A,, 
M,<1 and M?+A,2+1>0. 


In general, the presence of the magnetic field 
tends to enlarge the range of the shock angle in 
which regular reflection can occur. 
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Some Extra Lines in Paramagnetic 
Resonance Spectrum of Heavily 
Cr?+ Doped K;Co(CN)s 


By Takeshi MITSUMA 


Electrotechnical Laboratory, 
Nagatacho, Tokyo, Japan 


(Received June 8, 1961) 


Baker, et al!) have observed the magnetic reso- 
nance spectrum of undiluted K;Cr(CN), and _ sug- 
gested the existence of rather strong isotropic 
exchange interaction between Cr3* ions. 

We have observed the paramagnetic resonance 
spectrum of Cr3+-doped K3;Co(CN). with Cr3+ con- 
centration of 10% and 15% by weight with an aim 
of studying nature of exchange interaction in strong 
covalent bonding crystal. 


Absorption 


Derivative of 


ee 
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Measurements have been made at 4.2°K and room 
temperature using 9.4Gc/s frequency. The sam- 
ples are rotated in the bc-plane. 

In addition to three normal Cr3+ lines a number 
of extra lines are observed. A major part of 
typical resonance spectrum of Ka3(Cro.19C0o 90)(CN)s 
is shown in Fig. 1. This curve is obtained at 4.2 
°K and in the direction of static magnetic field 
H, forming an angle ‘of 20° with the c-axis. 
Angular variation of the resonance fields of stronger 
lines are shown in Fig. 2. Lines ‘a’, ‘b’ and ‘c’ 
are allowed lines and ‘d’, ‘e’ and ‘f’ are forbid- 
den lines of Cr3+ ions respectively. This assign- 
ment is proceeded using the following spin-Hamil- 
tonian in bc-plane, 


FE = 98 H)S2+ (1/2)(3E cos 2g — D)('S—5/4) 
+(D+E cos 2¢)(S42+ S_2)+i1/4)# sin 2¢ 
x [(S,S++S$4S82)—(SzS_+S_S,)], (1) 


where g is the angle between b-axis and Hy. 


2500 


3000 


Magnetic 


Fig. 


On the other hand, the group ‘1’, ‘2’ and ‘3’, 
‘4° are the extra lines. Besides these, there are 
some lines in the neighborhood of lines ‘a’ and 
‘c’. The angular dependence of these lines is not 
so clear. 

At room temperature, some of these extra lines 
are obscure. 

The origin of these extra lines is not clear at 
the moment. But the following experimental evi- 


* Present address: Sony Corporation Research 
Laboratory, Hodogaya, Yokohama. 
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1 


dences are interesting. These lines are not ob- 
served in the more diluted salt, K3(Cro.91Coo.99)(CN)g. 
Since their angular variation is rather similar and 
spectrochemical analysis does not show the presence 
of any other ions in this salts, it seems reasonable 
to assume that the observed extra lines are pro- 
duced by Cr3+ ions themselves. Considering these 
facts, our experimental result may be interpreted 
by the effect of polytypism reported by J. O. 
Artman, et al?). The presence of line ‘4’ may, 
however, indicate the presence of some other origins, 
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for example, exchange interaction of Cr ions like 
the case of Cr3+ ions in Ruby3).** In our case, 
more careful investigation of the temperature vari- 


b-gxis 


c-axis 
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ation of individual lines will be required in order 
to identify the origin of the extra lines as caused 
by exchange interaction of Cr ions. 
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Electrical Properties of TlSe 


By Ryuichi MorI* and Kimio HASHIMOTO 


Department of Physics, Faculty of Science 
Kyusyu University, Hukuoka 


(Received May 25, 1961) 


The electrical resistivity 9 and the Hall coefficient 
R of TiSe single crystals were measured in the 
temperature range between about 100° and 450°K. 
The temperature dependences of p and R are shown 


in Figs. 1 and 2, respectively. These values were 


(in Qem) 


log p 


2a FS SIA owmiGwe ese. 9o 10" I'l 


lOOOYiiaea (Kan) 

Fig. 1. Resistivity of TlSe as a function of tem- 
perature. The symbols denote the samples 
growing with normal freezing (S), zone-melting 
(Z) and pulling (K) techniques. The sample 
K1-Q is the specimen quenched after the meas- 
urement of the sample K-1. 


* Now at Oki Electric Industry Co., Ltd., Tokyo. 
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jog & (in cm%/coulomb) 


e333, 4°56 78 SO HOM 
1O0O0/T (°K) 


Fig. 2. Hall coefficient of TlSe as a function 
of temperature, 


obtained from the d.c. measurements on the paral- 
lelepiped specimens; two of the long side surfaces 
were the cleavage surfaces. 

The Hall coefficients of all the specimens investi- 
gated are positive. Although the temperature varia- 
tions of p and R show the characteristics of typical 
semiconductors, the anomalous humps of RA are 
observed on the some specimens at about 250°K. 
These humps seem to become marked by heat 
treatment as the anomalous Hall coefficient on 
SnSe?), 

Mooser et al?) reported that the intrinsic activa- 
tion energy of TlSe was 0.57 eV and also Akhundov 
et al3) reported that it was 0.56eV. These values 
were obtained from the temperature dependence of 
the resistivity. From the present investigations, 
however, at least two activation energies of about 
0.6 and 1.3 eV are obtained. The values of the 
activation enegies reported earlier might be those 
of acceptor levels. 
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Angular Distributions of Photo-protons 
from Li, Al, S, Ni, and Cu 


By Masayoshi MASUDA 
Department of Physics, Faculty of Science, University of Osaka 
(Received June 26, 1961) 


Thin foils of lithium, sulfur, aluminum, nickel and copper have been 
irradiated with the X-ray beam from a betatron at Osaka University, 
and angular distribution of photo-protons were obtained by means of a 
ZnS scintillation detector. 

The angular distribution of photo-protons thus obtained can be classified 
into two broad types, one isotropic and the other forward asymmetric. 
Aluminum and nickel (21 MeV) belong to the former type; while lithium, 
sulfur, nickel (18 MeV) and copper fall under the latter type, which is 
represented by the theoretical form, a+b sin? 6(1+c cos 6). 

As an exceptional case, copper has shown an abnormal angular distri- 
bution having a maximum in the forward direction and also a rise up 
in the backward direction. The functional form which fits best to this 
distribution has been calculated by a Bendix computor and compared 
with the recent theory of photo-nuclear reactions. 


$1. Introduction : the special target assembly treated in this 
paper. 

This work has come to a success due to 
the use of a technique®) developed recently 
with regard to the decay properties of the 
scintillator. By using the decay properties, 
the discrimination of photo-protons from the 
strong y-ray background has been achieved. 


It is well known that the process of photo- 
proton emission is divided into two categories, 
one is the evaporation process which exhibits 
an isotropic angular distribution of photo- 
protons, and the other is the direct process 
which gives the 90° symmetric and forward 
asymmetric angular distribution explained by 
Courant” as well as by Levinger?’. 

A number of experiments of measuring the 
angular distribution of (7, p) have been carried 
out to study the direct process, and the 
validity of this model has been confirmed in 
the energy region of 50-200 MeV. 

On the other hand, in the energy region of 
20-25 MeV, measurements have shown various 
types of angular distribution depending on Betatron 
the nuclei. An attempt’®’:‘) to ascertain the 
direct process, which is generally mixed in 
various processes in this energy region, has 
been performed with heavier elements as 
target nuclei, in view of the possibility that 
the high Coulomb barrier will greatly reduce 
the number of evaporated protons and the 
direct process may account for almost all of 
the emitted protons. But even among these 
elements, Ce has shown an isotropic distri- 


bution. Monitor 
The aim of this work is to collect as much 


§2. Experimental Procedure 

The experimental arrangement is shown in 
Fig. 1. The X-ray beam from the betatron 
was doubly collimated with lead walls. The 
first collimator has a precise taper angle to 
the X-ray beam. 


Detector 
Boric Acid 


e— 
experimental information as possible about 20cm 
the angular distribution of photo-protons with Fig. 1, Experimental arrangement” 
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As a misalignment of this collimator is one 
of the most definitive factors which influence 
the experimental results, the setting has been 
performed carefully. The optical and the 
photographic means assuring the coincidence 
of the center of X-rays with that of the 
target have been carried out. The detector 
consists of a Du-Mont 6292 photomultiplier 
tube and a ZnS scintillator backed by a semi- 
spherical light reflector. The scintillator has 
been made by depositing ZnS powder on a 
glass plate, 1cmx2cm in size. The detector 
and a target foil have been set on a rotating 
disk, which rotates as a unit about the 
inciden, X-ray beam. 

Angles are set with an accuracy of better 
than 1 degree. 

Measurements have been made simultane- 
ously with two identical counters fixed at 180 
degrees with respect to each other, the over- 
all covering region being 30 to 330 degrees. 
It has been impossible to obtain the intervals 
from 150 to 210 degrees and from 330 to 30 
degrees, because in these regions the X-ray 
beam strikes the detector assembly. 

The typical discrimination curve of photo- 
protons from a nickel target is shown in 
Fig. 2. The steeply rising portion of this 
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Fig. 2. Amplitude discrimination of proton from 
Ni(y, p). 
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curve shows the effect of the pile-up of elec- 
trons or photons scattered strongly into for- 
ward direction due to the Compton effect. 
The relatively flat portion of this curve is 
due to the protons from the reaction of Ni 
(7, b). 

The powdered ZnS phosphors are opaque 
to own radiation in the thickness which cor- 
responds roughly to the range of one MeV 
proton. For protons with energies from 1 to 
10 MeV, which are mainly studied in this 
experiment, the light yield from ZnS is ap- 
proximately independent of the energy. Fig. 
2 does not give the energy distribution of 
photo-protons from Ni, but shows the dis- 
crimination curve of protons against the pile- 
up photons. The thickness of ZnS layer is 
10-20 mg/cm?. This has been selected for the 
finest discrimination of protons against the 
pile-up photons. The targets are foils of 
natural isotopic composition and their thick- 
nesses are shown in Table I. 

The most important thing in the measure- 
ment of the angular distribution of photo- 
protons is to know the energy of the detected 
protons. Even on the surface of the target 
the energy distribution of the photo-protons 
should be strongly deformed from its original 
form, because the target is sufficiently thick 
(5-10 MeV range) for the proton energy. 
Hence only the protons having higher ener- 
gies are capable of escaping from the inside 
to the surface of the target. In addition, the 
air and the aluminum foil which is used as 
the window of the detector correspond to an 
energy loss of about 2MeV when protons 
pass through these materials. A rough calcu- 
lation has been carried out on Cu(y, p) reac- 
tion. The result from Byerly and Stephens® 
has been used for the original energy distri- 
bution of photo-protons from copper. The 
target thickness and the proton transmission 
in various materials must deform this distri- 
bution. This is shown in Fig. 3 as “to be 
detected”. This means that the photo-protons 
which are to be detected by the ZnS scintil- 
lator after transmission must have this energy 


Table I. Thicknesses of target nuclei. 
Target nucleus | Lithium Aluminum Sulfur Nickel Copper 
Thickness in mg/cm? 133 135 160 178 178 
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‘distribution. The result of comparison of this 
experimental energy distribution with the theo- 
retical one for the direct process, which has 
‘been calculated from Courant’s formula, is 
shown in Fig. 3 as “direct process”. The 
formula used is: 


He)~ (Z'/4A)aFo)\ (NYE E* cin ae 


where ye) is the number of protons of energy 
€ per mole per roentgen ejected by a beam 
of photons with energy distribution M(E£), 
with maximum energy Emax and Emin=By+e 
(By is the proton binding energy); a is Avo- 
gadro’s number and Fe) is the Coulomb 
barrier penetration cross section. The photon 
energy distribution has been taken from the 
table calculated by using Schiff’s formula”. 


— Byer'y, stephens 
---- To be detected 
iO at Direct process 


of protons 


Relatve number 


Proton energy (Mev) 


Fig. 3. Proton energy distribution from Cu(7, p) 
reaction. The solid line is the result reported 
iby Byerly and Stephens*). The dotted line is 
‘the energy distribution of detected protons 
under the present experimental condition. The 
broken line shows the calculated direct process. 


‘The Coulomb barrier penetrability has been 
taken from Weisskopf’s table® using 7o=1.5 
x10-42cm. The value of By has been taken 
from the data of Byerly and Stephens (By= 
4.1 MeV). The copper foils of natural isotopic 
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composition have been used for the target, 
but the yield of photo-protons from Cu‘? and 
Cu® is 1.07 10° p/mole/r and 0.37 x 10° p/mole 
/r respectively. Besides, the binding energy 
for Cu® is 7.4MeV, which is heigher than 
that for Cu®*. Therefore the calculation has 
been carried out only for Cu®. The result 
shown in Fig. 3 as “to be detected” agrees 
roughly with the theoretical prediction. for 
the direct process. 


Results and Discussion 


§ 3. 
The angular distributions from the various 
elements are shown in Figs. 4, 5, 6, 7 and 8. 
When the nucleon absorbs the incident 
photon by electric dipole, the angular distri- 
bution has the form, a+désin?@. The ratio 
of b/a is given by Courant’s formula: 
for the /—/+1 transition: 
b/a=(+2)/21 
for the /—~/—1 transition: 
b/a=(—1)/20 +1) , (CS) 
where /7 is the orbital angular momentum of 
the ejected proton before photon absorption. 
If the electric quadrupole absorption is mixed 
in the electric dipole, the interference be- 
tween the two modes gives an angular distri- 
bution of the form, 
a+bsin? (1+¢cos@)? . (4) 
To fit the present experimental data to this 
equation, the least square fit has been made 
and the constants have been determined ex- 
cept for the particular case of copper, which 
will be discussed in detail later. The deter- 
mined constants are summarized in Table II. 


(2) 


Lithium 

The rolled metallic lithium foil, sealed from 
the air in a polyethylene sack with a nitrogen 
gas to avoid oxidation of the surface, has 
been irradiated in a scattering chamber shown 
in Fig. 1. Even with this treatment the 
metallic lithium has been oxidized in about 


Table II. Results of angular distribution of photo-protons. 

Element Angular distribution bla 
Lithium 1+0.25 sin? o(1+0.90 cos 6)? 0.25+0.08 
Aluminum isotropic 
Sulfur 1+0.57 sin? o(1+0.23 cos 6)? 0.57+0.01 
Nickel (21 MeV) isotropic 
Nickel (18 MeV) 1+6.0 sin? 6(1-++0.87 cos 6)? 6.0) 0.5 
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two days, during which period the measure- 
ment has been finished. 

Some excitation curves of photo- pEobon re- 
actions with lithium have been reported previ- 
ously. One can find some curious facts in 
these results. Different detecting systems 
have given different results for the excitation 
function of the photo-proton reaction. For 
instance, there exists a sharp peak in the 
cross section curve reported by Titterton and 
Brinkley» but not in that reported by 
Tucker’. In the case reported by Rubin 
and Walker!» two sharp peaks exist in the 
cross section curve, one at 15 MeV and the 
other at 20MeV. This arouses interest in 
studying the angular distribution of photo- 
protons from lithium in the energy region 
from 15 to 22 MeV. 

Bremsstrahlung of 21 MeV max. energy has 
been used for excitation of lithium in the 
present work. The measured angular distri- 
bution of photo-protons has a large forward 
asymmetry as shown in Fig. 4. 
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Fig. 4. Angular distribution of photo-protons from 
lithium for maximum excitation energy of 21 
MeV. The smooth curve drawn by the least 
square has the form, 

1+0.25 sin? 6(1+0.90 cos 6)? . 


The white dots quoted from the result of 
Whitehead!2), for excitation with 96 MeV are 
shown for comparison. 


Further interest lies in the angular distri- 
bution when lithium is excited by lower 
energy, 15-18 MeV, where another peak exists 
in a cross section curve. Unfortunately, the 
counting rate of protons has been too small 
to measure the angular distribution of photo- 


protons with 18 MeV excitation. 

There is a report!?) on the angular distri- 
bution of photo-protons with bremsstrahlung 
of 96MeV, the result of which is similar to 
that of the present work. Thus it may be 
concluded that for both excitation energies 
the same mechanism of photon absorption, 
that is the direct process, is responsible. 


Aluminum 

A thin foil of metalic aluminum having a 
thickness listed in Table I has been irradiated 
for 100-200 minutes for each measured angle 
with bremsstrahlung of 21 MeV max., the re- 
sultant angular distribution being shown in 
Fig. 5. This is interpreted to be isotropic. 
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Fig. 5. Angular distribution of photo-protons?from 
aluminum. 


According to Ferrero", the excitation func- | 
tion for photo-protons of aluminum indicates: 
that the evaporation process is predominant 
in the energy region of 12-20MeV, but the 
direct process begins to contribute above 18. 
MeV excitation. Thus the excitation by 21. 
MeV bremsstrahlung will result mainly in: 
the isotropic angular distribution. 

Sulfur | 

Powdered sulfur has been melted so as to» 
form a thin foil between two plane glass. 
plates and has been cooled down in the room. 
temperature, and the foil has been irradiated | 
just after this treatment to avoid catling@| 
The thickness of the foil is shown in Table I. 

The angular distribution of photo- -protons.. 
from sulfur is shown in Fig.6. A symmetry | 
almost at 90° has been obtained, except for 
a minor part of forward asymmetry. The. 
expression obtained from the least square fit: 
for this measurement is 
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1+ 0.57 sin? 6(1+0.23 cos 0)? . 
The part with 90° symmetry can be inter- 
preted by the direct process proposed by 
Courant. The value obtained of b/a is 0.57 
in the present measurement. 
Nickel 
As the yield of photo-protons from nickel 
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Fig. 6. Angular distribution of photo-protons from 
sulfur. The experimenta dots fit the expression, 


1+0.57 sin? 6(1+0.23 cos ¢@)? . 
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Fig. 7. Angular distribution of photo-protons from 
nickel. The results of the least square to fit 
the experimental plots with 18 MeV bremsstrah- 
lung are described with the form, 


1+6.0 sin? 6(1+0.87 cos 6)? . 
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has been very large, measurement has also 
been carried out with bremsstrahlung of 18 
MeV besides 21 MeV. The results are shown 
in Fig. 7. The counting rate of photo-protons 
with 18 MeV excitation has been found to be 
about 1-2 counts per minute, which is one 
tenth of the counting rate with 21 MeV ex- 
citation. The total count corresponding to 
one point in the figure is 100-200. The dif- 
ferent behaviors of the two curves may be 
understood as follows. The detecting efficien- 
cy of high energy protons relative to that of 
low energy ones will be higher for 18 MeV 
excitation than for 21 MeV excitation, because 
of the effect of energy loss both in the target 
and in the air of emerging protons and also 
of the effect of Coulomb barrier supression. 
This will result in an enhanced forward asym- 
metry for the case of lower excitation. The 
larger isotropic part obtaided with a slightly 
higher excitation, however, can not be con- 
sidered to be of much value from this point 
of view. This isotropic distribution agrees 
nearly with the result reported by Mann and 
Halpern™, who used the same instrumental 
arrangement as that in the present experi- 
ment. 


Copper 

A thin foil having a natural isotopic com- 
position has been irradiated with 21 MeV 
bremsstrahlung, and the irradiation has been 
repeated 140 times for each angle for a total 
of 600 minutes in order to eliminate un- 


30 


ay Cu 
1 
4 


At 


Relative number of protons 


50 Omm LOMO Oma) (OM OO mL SOmELLO 
Angles in degrees 


Fig. 8. Angular distribution of photo-protons from 
copper. The coefficients obtained by the least 
square fit are listed in Table III, assuming that 
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certainty of the measurement in the backward 
direction, which offers a theoretical interest 
as will be discussed later. 

The result is shown in Fig. 8, which indi- 
cates an abnormal result. There is a maxi- 
mum at 50 degrees and a minimum at 130 
degrees. The former effect has been found 
out not only in the present work but also in 
many references and has been well explained 
by theory; but the latter effect has never 
been reported definitely in the case of photo- 
nuclear reaction. A similar result has been 
reported by Spicer'® for the angular distri- 
bution of photo-protons from argon 40. In 
this reference, higher energy protons showed 
an angular distribution having a minimum at 
130 degrees, which is very similar to the 
present result. But the author of this refer- 
ence has stated that this minimum should not 
be taken seriously since the statistics of the 
measurement at angles greater than 120 
degrees were very poor. In the present 
measurement, an obvious minimum exists at 
130 degrees. 

This result has been analyzed by making 
the least square fit assuming that the form 
of the angular distribution is: 


do/d2= >) Ci.Pi(cos @) C5") 


and 
do/d2= >) ai cos’ 6 (6) 

where @ is the angle between the X-ray beam 
and the proton detector, P:,(cos @) the Legendre 
polynomials, and a: and C, the coefficients of 
the two functions. 

Table III. Angular distribution coefficients 

for copper. 


Legendre polynomials 


Power series 


Co | 21.0494 a 21.112 
Cy | 3.0044 ay 5.8524 
C2, — 1.6930 a, 8.2572 
Cs —6.0504 as 28.449 
Ci; ~1.0342 ay ~16.445 

| | as —55.612 


The coefficients have been calculated with 
the Bendix G-15-D computor and listed in 
Table III. A good fit is shown in Fig. 8. 

The result has been compared with the 
new theory which is based on the “ two-stage 
mechanism” developed by Sawicki!”. This 
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mechanism is essentially a two-stage process: 
the y-ray interacts with the surface oscilla- 
tions of the nucleons; a proton bound to the 
rest of the nucleus interacts with the oscil- 
lating core and is emitted. 

The copper nucleus has the last proton in 
a p-state, and according to the theory photo- 
protons form such "a nucleus have an angular 
distribution showing a minimum in the back- 
ward direction, the form of which is given 
by 

a+b sin? 6+ A cos 6.C:+C:2 cos? 6—3Cs sin? @) 

e (7) 
where the term a+dsin’@ refers to the Cou- 
rant theory and the rest are the interaction 
terms. Our experimental result is qualitative- 
ly in agreement with this theory. 

The present result may be compared with 
those of other works: a forward asymmetry 
was reported by Mann, Halpern and Roth- 
mann") with 25 MeV bremsstrahlung, and for 
excitation with higher energies, the isotropic 
angular distribution was reported by Dawson! 
who used 70 MeV bremsstrahlung. 
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Photoprotons from Si and P produced by a 24-MeV betatron have been 


observed in nuclear emulsions. 


Fine structures are observed in the 


energy spectrum of Si, showing a fairly similar shape to the excitation 


curve of Al (p, 7) reaction. 


The appearance of these structures is ex- 


ected by resonating group model and probably by the channel coupling 


theory as well. 


The distances of the proton peaks in the spectrum are 
nearly equal to those expected by these theories. 


The type of spectrum 


of Si is different from that of P, and such difference seems to appear 
between even and odd Z neighbouring nuclei. 
The angular distributions for P have large maxima around 90°, but 


those for Si have not so large maxima and minima. 


This suggests that 


the shell structure may have some effects on the photonuclear reactions. 


ade 


In the energy region of the giant resonance 
of photonuclear reactions, the nucleus is highly 
excited and a large number of levels of the 
compound nucleus contributes to the transi- 
tion. In the earliest stage of study of photo- 
nuclear reactions, however, the giant reson- 
ance was regarded as a broad resonance of 
the electric dipole interaction of photons with 
the nucleus”. Katz et al.*) found first the 
fine structures of (7,7) cross sections in their 
measurement of C2, and O'. Many fine 
structures have been observed in light nuclei 
afterward. 

Wilkinson’ put forward the theory of single 
particle excitation in photonuclear reactions. 
According to his theory, fine structures will 
appear corresponding to single particle transi- 
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tions. His theory seems to agree with several 
experiments. 

Recently some fluctuations of cross sections 
or gross structures were also observed in 
(p, pb’), (p, w), (n,n’) and some other reactions 
in the intermediate energy region (10~30 
MeV). These fluctuations do not seem to 
be explained so well by the usual model, and 
the fine structures of photonuclear reactions 
mentioned above may have some relations to 
these fluctuations. Shaw’* and Izumo et al.® 
have calculated the effect of local heating of 
the nucleus using a resonating group model. 
On the other hand, Tamura et al.” are trying 
to explain this phenomenon using the idea of 
channel coupling. These calculations expect 
some structures in the cross section curves 
and also in the energy spectrum of emitted 
particles for all reactions in the intermediate 
energy region. 

The earlier experiments for the proton 
energy distributions of (7, p) reactions of almost 
all elements in the giant resonance region 
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were plotted with about 1 MeV interval which 
might be too large to find the fine structure. 
These roughly plotted proton spectra are in 
agreement with the predictions of the statis- 
tical theory for light and middle weight nuclei. 
The angular distribution shows a large differ- 
ence from nucleus to nucleus. The photo- 
proton spectra in several nuclei such as C’’, 
N*5, and O'* etc. show some fine structures, 
and the angular distributions have different 
shapes for different proton energies. De Sab- 
bata®) has reviewed these experiments and 
summarized the results. 

We have investigated the energy and 
angular distributions of the photoprotons from 
Si?® and P*! with good statistics. Si’® and P* 
are neighboring nuclei for the proton num- 
ber, and the last shell has six 1lds/2 protons 
and one 2s1/2 proton, respectively. The results 
for Si? and P*! (7, p), therefore, may help us 
to understand the effect of shell structure to 
the reaction mechanism. 

Si?® (7, p) was investigated by Emma et al.”, 
but the data were given only for the angular 
distributions. Cujec-Dobovisek” have also in- 
vestigated the Si? (7, p), P* (7,p) and S*® 
(7, p) by 32 MeV bremsstrahlung. According 
to her results a peak is found at about 8 MeV 
in the energy spectra for Si and S. This 
peak corresponds to ld;;2 — 1f7/2 transition 
at EHy~20 MeV through the mechanism stated 
by Wilkinson. The relatively high fractional 
yield of high energy protons is in good agree- 
ment with the theory. The angular distribu- 
tions of her results involve a rather significant 
forward asymmetry, being interpreted to show 
an intereference between E1 and E2 absorp- 
tion. 

Our experiment has been done by 24 MeV 
bremsstrahlung. The reactions will be regard- 
ed as simpler at this energy than at 32 MeV. 


§ 2. Experimental Procedure and Apparatus 


Photoprotons emitted from Si and P irradia- 
ted by 24MeV bremsstrahlung from Tohoku 
University betatron were detected by Ilford 
G-special emulsions, which were 600 yu thick 
and 3’’ x23” in size. Two plates and sample 
were placed on the holder mounted in a eva- 
cuated chamber which was combined with the 
collimator defining the beam area to 0.5cmx 
1.0cm at the target. (Fig. 1). 

The distance between the plates and the 
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targets was about 2.cm and the maximum 
glancing angle of the plate was about 30°. 
Such a large glancing angle increases photo- 
proton detection efficiency and reduces the 
ratio of the neutron-recoil protons to the 
photoprotons in the emulsion. The background 
was evaluated by the tracks entering the 
emulsions from wrong directions, and was 
lower than 2 percent. The background by 
the (n, p) reaction at the targets was estima- 
ted by the stray neutron number. It was 
proved to be negligible. In spite of the large 
glancing angle, the proton energy resolution 
is determined only by the uncertainty of 
proton energy absorption arised from target 
thickness. 


foes 


Oo 10 20 3 40cm 


Fig. 1. Experimental arrangement showing A- 
betatron doughnut, B-lead stacked collimator and 
reaction chamber, C-plate and target holder, 
D-nuclear plates, E-target, F-monitor, G-vacuum 
pump. 


The targets were the red phosphorus (19.4 
mg/cm?) deposited on the Au-foil, and the 
natural silicon powder (9.38 mg/cm?) bound 
on the Au-foil by the cellulose acetate (0.2 
mg/cm’). The size of its grain was about 
several micron in diameter. The thickness 
of Au foils was 0.19 mg/cm? for both targets. 
The background from the Au foil and the 
binder was estimated to be negligible. 

The energy of the bremsstrahlung from the 
betatron was calibrated by the threshould 
energies of the Cu® (7, 2) (10.8 MeV), Fe*¢ (7, 2) 
(13.8 MeV) and C (7, 2) (18.7 MeV) reactions 
and the drift of the energy was about -£0.05 
per cent. The intensity was measured by a 
Victoreen thimble embedded at the center of 
a 10cm cube of Lucite behined the plate 
chamber and was calibrated to the intensity 
without the collimator. The uncertainty of 
the dose values was about 20 per cent. 
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The plates were processed by dry tempera- 
ture development with amidol developer. The 
best condition for hot stage was ninety mi- 
nutes at 18.5°C for reducing fogs and increas- 
ing transparency of the emulsion. The photo- 
proton tracks were scanned with TIYODA 
binocular microscopes at a magnification of 
600x. The scanned area was 2mmx40 mm 
for Siand 3mm x40 mm for P, anda longer side 
was parallel to the targets. For each measured 
proton track, the range, the angle to the beam 
direction and the corretion for the energy 
loss due to the target thickness were calcula- 
ted. Barka’s Table!” was used for the proton 
range-energy relation. For the energy loss 
‘correction, the energy loss due to the effective 
half target thickness was added to each mea- 
Sured proton energy. The solid angle sub- 
tended by the scanned area for each proton 
direction was calculated geometrically at each 
point on the target and averaged on the beam 
area within the range of 10° around the 
several standard directions. The angular dis- 
tributions were obtained using this solid angle. 

The Table I indicates the exposure data. 
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Fig. 2. Energy distributions of protons from Si?& 
for three directional groups. The smoothed re- 
sults are shown by the points. 


Element Si Pp 
(7, p) threshold (MeV) TKoo 7.30 
(7, np) threshold (MeV) 24.65 17.91 
Betatron energy (MeV) 24 24 
Target thickness (mg/cm?) 9.38 19.4 
Roentgens at sample 5000 
7 tiation type Ilford G-special 600 
Area scanned (cm?) 1.6 2.4 
Total proton number 25°<@<155° 4366 3833 
Resolution for energy loss by half target thickness 
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§ 3. Experimental Results 


Silicon h 
The measured energy distributions are 
shown in Fig. 2 for the three directional 


ranges, and in Fig. 3 for the total protons. 
The energy distributions were plotted with 0.1 
MeV interval which was much smaller than the 
resolution, hence, they were smoothed out by 
the method of Ferreira and Valoshek’” and 
the smoothed results are shown in the same 
figures. These spectra exibit many peaks. 
The theoretical energy distributions were 
calculated using the statistical theory of 
nuclear reactions. One would not expect the 
statistical theory to be applicable to such light 
nuclei as Si®® and P*!. However, the proton 
Spectra for Mg?® (7, p) 13) Al? (7, ) 14), 15), 16) | 
P! (7, pi, A*° (7, fp)!” and other reactions 
indicated that the statistical theory could re- 
produce the general features of the observed 
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Fig. 3. Energy distribution of total observed pro- jj 
tons and calculated distributions by the statistical 
theory from Si?8. 

Full line: Observed spectrum smoothed out 
by the method of Ferreira and Valoshek. 
Broken line: Calculated spectrum using 
w=C exp [2V0.45 FE] Mev- 
Dotted line: Calculated spectrum using 
w=C exp [#/2.8] MeV-1 
Each curve is normalized to best fit to experi- 
mental points. 
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spectra. Hence we compared the experimental 
spectra with those of the statistical theory. 
Both spectra were normalized to fit to experi- 
mental points as shown in Fig. 3. 

The proton energy distribution based on the 
statistical theory is given by 
By maxX 


* 
B, rE» 


€.—B 
Y 
| A EnTce(én)o( Hy — Bn —én)dén 
0 
ee, 


where ¢,» and e, are the proton and the neut- 
ron energy, gc(ep) and oc(en) are the capture 
cross sections by the residual nuclei for protons 
of energy ¢«» and for neutrons of energy en, 
which were used by Blatt-Weisskopf’s calcula- 
tions!®?, w(E,y—Byp—ey) and w(Ey—Bn—en) are 
the level densities of residual nuclei after 
protons and neutrons were emitted, Bp, Bn 
being the binding energy. The experimental 
result of Katz et al.!? was used for oyn(Fy). 
N( Ey, Eymax) is the photon spectrum, for 
which the Schiff spectrum?” was used. The 
level density may be represented by using the 
Blatt-Weisskopf’s table?®), 


w=C exp [2V 0.45 E] MeV-. (2) 
On the other hand, according to Endt et al.,2” 


6.3£Ep 27.7 Mev 
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Fig. 4. Angular distributions of protons from Si28. 
Full lines are obtained by least squares. 
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the following is deduced from the known 
levels of Al?’: 


w=C exp [E/2.8] MeV-. (3) 
The latter is in good agreement with that 


Table IJ. Angular distributions calculated 
by least squares for a+b sin? 9. 


Proton energy | 


Element Augular distributions 


(MeV) 
peas alt 1.8—3.3 : -1—(0.50-+£0.39) sin’) 
3.3—4.7 > — (0.09 0.44) sin? 6 
‘4.76.3 14(0.0140.40) sin? @ 
Si2s a Sass= = 
6.3—7.7 1+(0.06 +0.49) sin? 6 
larger than 7.7 1+(0.48-£0.73) sin? 4 
Total ai — (0.05 £0.20) an 6 
bars 2.7—4.5 1+(0.85-+0.42) sin? @ 
-4.5-6.0 | 1+(0.3540.34) sin? 9 
PX 6.08.5 141.31 40.59) sin? 4 


larger than 8.5 | 
Total | 


(—0.08+0.18)—sin? 6 


1+(1.10+0.27) sin? 6 


25°£6< 65° 


65°48 2115" 


15°&0<15S° 


OBSERVED (FOR HISTOGRM) AND RELATIVE (FOR POINTS) PROTON NUMBER 


Zs Wash OT MEO MO mIOMIMI2uIsuai(s 
PROTON ENERGY (MeV) 


Energy distributions of protons from P* 
The smoothed 


Bigeo, 
(7, p) for three directional groups. 
results are shown by the points. 


Photo-protons from Silicon and Phosphorus 


1811 


obtained from Al*"(p, pf’) reaction which is 
shown as follows2”): 

wo x exp [£/2.7]. 
The energy spectra were compared for these 
two level densities. 

The angular distributions corrected for the 
solid angle and devided into several proton 
energy regions are shown in Fig. 4. In all 
cases, the observed distributions were fitted 
with curves of the form a+dsin?@ assuming 
the symmetric angular distribution. a@ and b 
were determined by the least square fit and 
the calculated distributions are also shown in 
Fig. 4 and in Table II. 

The yield of photoprotons corrected for the 
angular distribution was 2.9x10° protons per 
roentgen. 


Phosphorus 


The measured energy distributions are 


LATIVE (FOR POINTS) PROTON NUMBER 


c 


OBSERVED (FOR HISTOGAM) AND R 


Be S45) 6 Yee OS ulOmIt (amis "la aISmI6 


oy} 


PROTON ENERGY (MeV) 


Fig. 6. Energy distribution of total observed pro- 
tons and calculated distributions by the statistical 
theory from P#, 

Full line: Observed spectrum smoothed out by 
the method of Ferreira and Valoshek. 
Broken line: Calculated spectrum using 
w=C exp [(2V0.52 HE] MeV-! 
Dotted line: Calculated spectrum using 
w=C exp [2V2.42 FE] MeV-!. 

Each curve is normalized to best fit to experi- 

mental points. 
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shown in Fig. 5 and Fig. 6 in the same treat- 
ment as for Si. The proton energy resolution 
is worse than that for Si, but the spectra 
seem to exhibit some peaks. Photoprotons 
from the (7, mf) reactions are not included in 
Si?® results, but in the case of P*! they may 
affect the spectra and angular distributions 
for the proton energy region lower than 6 
MeV. 

The theoretical curves based on the statis- 
tical theory as in Si are also shown in Fig. 6. 
Two types of the level density of the residual 
nucleus were assumed as follows: 


w=C exp [2V0.52 E] MeV (4) 
w=C exp [2V 2.42 E] MeV- a) 
In Eq. (4) the parameter 0.52 corresponds to 
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Fig. 7. Angular distributions of protons from P®!. 
Full lines are obtained by least squares. 
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Blatt-Weisskopf’s table for A=30'*. Montal- 
betti et al.’s data?) were used for 4yn(Ey) 
which appear in Eq. (1). 

The angular distributions are shown in Fig. 
7. They are all nearly 90° symmetric. The 
best fitted curves of the form a+dsin°? 4 were 
obtained by the least square fit and are also 
shown in Fig. 7 and in Table II. 

The yield of photoprotons corrected for the 
angular distributions was 3.2 x 10° protons per 
mole per roentgen according to the result 
using other plate. 


§ 4, Discussion 


The yields are compared with the statisti- 
cal theory. Both calculated and observed 
values are shown in Table HJ]. The experi- 
mental yield for Si?* is smaller than the the- 
oretical calculations. In the case of P*!, the 
residual nucleus for (7,p) is even-even and 
that for (7, 2) is odd-odd. In general the level 
density of the former is smaller than the 
latter. We calculated the yields for two values 
of the ratio of level density parameter C of 
even-even nuclei to that of odd-odd nuclei. 
The ratio is denoted as a. If we assume the 
following relation?’ 

4C (even-even) =2C (even-odd) =C(odd-odd), 

a is equal to 1/4 for P*! target. The calcula- 
ted yields using a=1/4 and level density (5) 
are in good agreement with observed values. 

It is difficult to discuss exactly about the 
energy spectra and the angular distributions 
for the photoprotons, because bremsstrahlung 
has a continuous photon energy spectrum. 
Proton distributions do not uniquely corres- 
pond to specific transitions among the nuclear 
states. 

According to the statistical theory, 
photoproton spectra calculated by using 


Photoproton yields 


Observed yield 


Calculated yield 


/ 1 Lees Ee : : A & 
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Table IV. Collection of data. The shapes of proton energy distributions are denoted by 
A and B for the nearly same type of proton spectra smoothed out from Si?8 and P31 
results respectively. 
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tinuous cross sections for Si?8 (7,”) and for 
P®! (y,”) are in fairly good agreement with 
the observed ones except fine structures (Fig. 
3 and Fig. 6). The best fit level densities 
are the following: w« exp [E/2.8] for Al? 
and Si®’? in the case of Si®* target, and wx 
exp [2V'0.52 E] for Si? and P*° in the case of 
P** target. 

The observed energy spectrum for A* 
(7, Pp)? is in good agreement with the calcula- 
ted spectrum using the level density w(K) « 
exp(E) and the Coulomb barrier height of 
2.5 MeV which is lower than other calcula- 
tions and expected to arise from a fuzzy 
nuclear surface. Such lowering of the Cou- 
lomb barrier height may be expected to make 
better agreement for the case of Si** and P*. 
The large neutron excess would be effective 
for a fuzzy surface, which may dominate for 
A* than for P#! and Si’. 

Table IV contains the photoproton energy 
distributions for neighbouring nuclei. The 
proton energy spectra of odd Z and of even 
Z nuclei seem to have their own definite 
shapes different from each other. The inten- 
sity of photoprotons has broad maximum rang- 
ing over several MeV for even Z nuclei as 
seen in Si%8, the type of which we denoted 
as “A” in Table IV. On the other hand, the 
photoprotons emitted from odd Z nuclei have 


rather sharp maximum as seen in P*, the 
type of which we denoted as “8B” in the 
Table. It may be expected that the level 
densities of residual nuclei are different be- 
tween (7, p) reactions of odd Z and even Z 
nuclei. The threshold energies of (7, p) for 
the odd Z nuclei are a few MeV lower than 
those for the even Z nuclei. Now we consi- 
der that some amount of energy concentrate 
on a proton in the nucleus to be emitted after 
absorption of photon, and that the excitations 
by the gamma rays of the same energy are 
equal in both the even Z and the odd Z 
nuclei. Then, the excitation of residual nuclei 
after proton emission with the same energy 
is a few MeV higher for the even Z nuclei 
than for the odd Z nuclei, and this difference 
may cause the different proton energy spectra. 
The spin and parity are different between the 
ground states of the even and the odd nuclei, 
then the condition of these compound nuclei 
and their residual nuclei are also different in 
the reaction. Under these condition, the 
different excitation of particles in the nucleus. 
may cause the different particle emission 
modes or different selection rules of transi- 
tions. It is desirable to compare the proton 
spectra from various elements at the same 
excitation energy above the threshold. 

It is interesting that we have another ex- 
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periments showing similar features to that 
described above for difference between proton 
energy spectra. Allan?.*® observed two types 
of proton energy spectrum in (7, p) reaction. 
For example, the proton energy distributions 
for Fe't and Fe** are very different.’ Although 
this difference is independent of Z, it is 
similar to that between Si2* (7, p) and P*! 
(7, p). As the proton energy distributions of 
(n, p) reaction are not known so much, we 
shall not discuss further this points. 

For such light nuclei as O', which have 
large level spacings, fine structures in the 
cross section and the energy spectrum have 
been observed in both (7, p) and (7, ) reac- 
tions. Now, in the present experiment, several 
peaks are found in the energy distributions 
of photoprotons from both Si? and P*, al- 
though the one of the latter might be some- 
what obscured because of its poor resolutions. 
Cujec-Dobovigek™ calculated the energies of 
protons emitted through the direct process 
according to the Wilkinson model*. She ob- 
tained the strongest 1lds/2— 23/2 direct transi- 
tion at H»=8.5 MeV in the case of Si?*(7, p). 
Although one finds some trace of a peak at 
En=8.5 MeV in the present result, it is not 
definite. Further, in smaller energy region, 
there exist many peaks which do not always 
agree with the Wilkinson theory. It should 
be pointed out here, however, that the energies 
of transitions assumed in the Wilkinson model 
are strongly criticized?” and new theories2®)—*) 
are proposed to explain this problem. There- 
fore the agreement of the proton energy may 
be expected, but it is not definite. 

The cross section measurement of Al?’ (p,7) 
reaction*).°).33) in which the transition to the 
first excited state of Si’) is stronger than 
that to the ground state shows many fluctua- 
tions by proton bombarding energies. Let us 
assume now that all protons from Si’ (7, p) 
come from the transitions to the ground state 
of Al’? (hereafter abbreviated to ground state 
protons), and that the cross section of Al?’ 
(p, yo) (gamma transition to the ground state 
of Si®) is negligible compared with that of 
Al’ (p, 71) (gamma transition to the first ex- 
cited state (1.78 MeV) of Si?*). We can then 
calculate the cross sections of Si?* (7, p) from 
the photoproton energy spectrum by dividing 
with the photon number and correcting the 
energy scale for the recoil of the residual 
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nucleus. On the other hand, we can also cal- 
culate the same cross section from the Al?** 
(p,7) data using the detailed balance theorem, 
assuming that the excitation energy of the 


compound nucleus Si?’ is given by Bega, 
+9.81 MeV, (9.81 MeV is the Q value of 71). 


(mb) 


CROSS SECTIONS 


12 14 16 18 20 22 24 
EXCITATION 


ENERGY Es,(MevV) 


Fig. 8. Comparison of experiments for S1®8 (7, p) 
Al? and for Al? (p, 7) Si2#8. The histogram shows 
Si28 (7, p) Al?’ cross section assuming all proton 
transitions are to Al?7 ground state. Heavy curve 
is Si28 (7, p) Al?" cross section calculated by 
detailed balancing from Al? (p,7) Si?8 cross 
section using the same Q value as that of 7. 
Dotted curve is the cross section using the Q 
value of 7;. Broaken curve is obtained by shift- 
ing the dotted curve 0.5 MeV lower to best fit 
the histogram. 


Fig. 8 shows the comparison of these two 
cross sections. We may find some parallelism 
between the two cross sections. We see, 
however, the energy discrepancy of about 
0.5 MeV. If the Q value in the cross section 
from Al’ (p,7) is given by that value cor- 
responding to 70, this cross section is further 
shifted to the higher energy side. 

Of course there are many points which 
should be examined more carefully. These 
two experiments, Si?* (7, p) and Al?’ (, 7), are 
not the exact inverse processes, because a 
fairly large number of the photoprotons are 
not the ground state protons, and also be- 
cause the shape of the cross section of Al?’ 
(~, 70) may be different from that of (p, 71) 
that we plotted in Fig. 8. In fact the ex- 
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periment at Chalk River finds the difference 
between both reactions (pf, 70) and (p, 71)3”. 
However if we infer the shape of. Al (p, 70) 
from the sentence of ref 31, still the discre- 
pancy in energy between Si® (7, ~) and Al?’ 
(p, 70) seems to exist. Therefore, although 
the experimental accuracy and also the as- 
sumptions used in deducing the cross sections 
must be checked more carefully, the existence 
of this discrepancy will not be excluded. If 
this is true, it may be an interesting problem 
from theoretical viewpoint. 

According to Izumo’s calculation®, some re- 


Table V. Computed angular distributions for 
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sonating groups with about seven nucleons 
in the nucleus play a role in the intermediate 
energy nuclear reactions, and the gross levels 
may be found with larger distances than 
natural nuclear level distances in the same 
excitation. The distance of peaks in the photo- 
proton spectra from Si?* are about 600 KeV, 
which is in good agreement with our result. 
It should be noted, however, that these gross 
structures can be explained also by the chan- 
nel coupling theory”. 

The angular distributions corresponding to 
each proton energy group show nearly the 


photoprotons, assuming the compound process. 
| 


T 


JAtly > Jo 


> B+ 


J, is the final channel spin. 
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Transition Jc lp Jz J of residual state Angular distribution 
at | ’ 1 ihe 0 j 1/2+ j ane? rig 
| viieDaty nara Liges. | none WAR saeank 2a “constant 
| fat ot 1 isn geear ee - 243/2 sin? @ 
| fab ATP eve le “Browy deli ben tr ieee einee 
El ig : — a - ——_-. 
| il Zz 3/2 eo ar 1+1/6 sin? 6 
2 ’ 2 3/2-, : 5/25 : 1—1/2 sin? 6 
2, 2 | 32+, 52+ “L+sin? 
2 3 | 45a, 7/2- 141/4 sin? 6 
: bs 1 0 pad 1/2- a j sin? @ 
en Se 8 pe 1-1 sinto 
’ ation) ty j 1 1 = “1/2- i : (otecmee 
i et ise 1 1/2- | 142 sin? 9-5/2 sint 9 
Moet nD) ad dea h ier 
Eiits as oie ait Gas pe : 
Transition Je lp Jp J of residual state | Angular pai 
Mi a mne | ST 
of oa Nts | 0+ 1438/2 sin? @ 
fi 1/2+ 0 A 1/2 0+ et arene La 
a Oi 2a ore ie 2 1/2 zs Ot A 1+3/2 sin? @ 
z 3/2+ ‘ 2 + 1/2 ] 0+ hile 1-1/2 ed ren ts 
ae 5/2+ 2 1/2 0+ 142 sin? o—5/2 sind @ 


1816 


same distributions in each nucleus. The an- 
gular distributions expected from the transi- 
tions between single levels and a compound 
nucleus of definite J- formed in the reaction 
are shown in Table V. Some of the cases 
are in good agreement with each experimental 
angular distribution. 

Other angular distributions are expected by 
the /—/]=+:1 transitions of the direct photo- 
electric effect models led by Courant*” and 
Wilkinson”. 

According to Courant’s calculation, the dis- 
tributions of the photoprotons are 


N(O)=14+ 142) ate 
for the /—/+ 1 transition, 
N()=1+—0-1) ein? 6 


for the /->7—1 transition. 


/ is the orbital angular momentum carried by 
the emitted proton while it was within the 
nucleus. The Wilkinson model predicts that 
only the /—/+1 transitions are important. 
The experimental angular distributions for 
Si?® are almost isotropic within the experi- 
mental error except for EH»=7.7 MeV. The 
angular distribution of photoprotons greater 
than 7.7 MeV can be attributed to the d state 
transition, but the isotropic parts cannot be 
predicted in this model. One of the angular 
distributions observed for P*! (7, p) agrees 
with that from s state transition of the direct 
model and others agree with p or d state 
transitions. 

Si?® and P*! are neighbouring nuclei, but 
the angular distributions are different from 
each other. This suggests that the shell 
structure may have some effects on these 
photoreactions. 
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The design study and the general aspect of a linear electron accelerator 
is described. Since this linear accelerator is used for the injector of 
the strong focusing synchrotron under construction, the spread of the out- 
put energy is desired to be as small as possible. For this purpose the 
cause of the energy spread has been reexamined and divided into two 
kinds; one is the different phase motions of the electrons injected at the 
various phase angles and the other is the variations of the microwave 
power, frequency, and other parameters. By the careful design, especial- 
ly on the buncher, and by the use of the prebuncher and the stable 
power system, the output energy spread of about three percents has been 


obtained at the energy of 6.5 MeV. 


§1. Introduction 


This is the first paper of the series on the 
linear electron accelerator which has been 
constructed as the injector for 1 BeV electron 
synchrotron in the Institute for Nuclear Study. 
This work began in the spring of 1956. The 
design study was performed in 1957". Then, 
we started to the experimental tests for the 
pumped klystron amplifier, pulse transformer, 
test cavities, electroforming of the accelerator 
tube, etc. These preliminary studies were 
finished in 19592, and we spent about one 
year or more for the overall construction of 
the accelerator. The accelerator began to 
operate successfully in the beginning of this 
year. 

Usually, a pulse transformer or a d. Cc. 
generator type accelerator such as Van de 
Graaff generator is used as the injector for 
an electron synchrotron. While, if we use 
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a linear accelerator, we shall get more intense 
beam than the previous ones. The peak cur- 
rent of a linear accelerator will reach up to 
some hundred milliamperes. In general, how- 
ever, the energy spread of the output beam 
of a linear accelerator is unfavourably large. 
Especially, if the output energy is low, the 
energy spread of ready-made linear accelera- 
tors are larger than 10 percent. On the other 
hand, the tolerable energy spread of the 
electron beam which can be trapped into 
synchrotron orbit is less than 3%, so that the 
use of a linear accelerator becomes inefficient”. 
We reexamined the cause of the energy 
spread of the linear accelerator and carefully 
designed and constructed the accelerator as 
the injector for the synchrotron so as to have 
a good energy spectrum and stability. The 
spread of a few percent is aimed at the energy 
of 6 MeV and the beam current of 100-200 mA. 
Although the synchrotron has not yet been 
completed, the linear accelerator is operating 
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very well and the performance is close to 
the designed values. 


§2. General Performance 


The general performance of the linear ac- 
celerator is shown in Table I. .The output 
energy of 6 MeV is sufficiently high in order 
to use the fixed frequency RF acceleration 
for the synchrotron, since the velocity of the 
electron reaches to 0.997c at this energy. For 
higher energy, we had a little difficulty to get 
the microwave power tube available in Japan, 
especially to keep its maintenance cost cheap. 
Also this energy is the most favourable to 
the injection problem from the linac to the 
synchrotron. 


Table I. 
Beam energy 6 MeV 
Beam current 100 mA (peak) 
Pulse repetition rate 21.5 pps 
Beam pulse width 2u second 
Beam energy spread <5% 
Beam diameter <10mm 
Beam divergence ~10-3 radian 


Total length on the machine <5m. 


The repetition cycle of 21.5 c/s is that of 
the synchrotron magnet power supply. The 
pulse width of more than 1 usec is enough to 
the injection time which is required from the 
synchrotron operation. The microwave fre- 


quency, 2759 Mc, was chosen arbitrarily, though 
some lower frequencies seemed to be more 
The block diagram is shown in 
We shall discuss details of this dia- 


favourable. 
}enye2, aL. 


Gun 
Pulser 


Fig. 1. 
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gram in the later section. The type of the 
accelerator is the z/2-mode travelling wave 
type such as that of the Mark III accelerator 
of Stanford’, while the shunt impedance is 
somewhat lower. The microwave power 1s 
obtained from a pumped klystron amplifier 
with a maximum peak power of 5MW. The 
total length of the accelerator is about 3m. 


§3. Discussions on the Energy Spectrum 


Two types of the causes for the energy 
spread are considered. The first is the fluc- 
tuations such as the instabilities of microwave 
frequencies and powers, or the thermal change 
of dimensions of the accelerator cavities. The 
second is the phase oscillation of electron 
beam which gives different average electric 
field during the transit through the accelerator 
for each electron injected in different phases. 
The second cause is more serious if we want 
to bunch the electron beam within a small 
phase angle in the earlier part of the ac- 
celerator so called the bunching section. 

The energy spread of the output of the 
bunching section of Stanford Mark III ac- 
celerator was reported to be 2MeV at the 
center value of about 5MeV. For the low 
energy linac, the second effect becomes more 
important than the first one. So we shall 
discuss the second type of energy spread, at 
first. 


a. Energy spread due to different phase mo- 
tions 
The electron on the phase angle, A(z), with 
respect to the point on the travelling wave 
z/2 ahead of the point of maximum accelera- 


tion, has the output energy, V, which is given 
by 


v= "eE(z)sin Mzdz, (1) 
0 

where F(z) is the maximum field strength, 
and z is the length along the accelerator 
axis. As is shown in Fig. 1, we shall 
divide the accelerator tube into three 
sections, that is, the regular section, the 
tapered section, and the bunching sec- 
tion. In the regular section we can use 
an accelerator tube, in which the phase 
velocity of the wave is matched with 
the light velocity, since the electron 
energy is sufficiently high in this section. 
The dimensions of each cavity in this 
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section are same for all. Before being in- 
jected into this section, the electron beam is 
bunched so as to have a small phase spread, 
+64. Thus, if we write the center value 
of the phase angle of the electron bunch as 
4, we can assume that J is constant and 64 
is small enough in this section. The energy 
spread, 0V, caused by the phase spread in 
this section will be written as, 


OV, ~ Sin 4,—sin (4,+64,) 
Ve sin A 


where the suffix , means the value of regular 


(2) 


section. V; is the energy gained by the 
electron in this section. Equation (2) has 
a minimum value when 4J,==+-(z/2): 4-=—(z/2) 


‘corresponds to the maximum acceleration. 
Near this position, we have 

OV, 

Vr 
As is shown later, V, is about 2 MeV, and 
we must take 64,~10°(~1/6rad) in order to 
get the spread of total output energy less 
than 1%. This condition on the phase shift 
sseems to be very serious, but is found to be 
mecessary if we consider the accumulating 
effects discussed later. 

Then, we shall consider the effects of the 
energy and phase spread in the input of the 
regular section to the output energy spread. 
‘To study these effects, we shall use the 
Hamiltonian which is given by Slater® for 
the description of the electron motion in 
a linear accelerator. The Hamiltonian func- 
tion expressed by the axes moving with the 
velocity v» of the travelling wave is given by 


Tie ee Cooma aL at oy as 


—VWY1—B2 2x 
‘where the non-dimensional parameters, /x, Bu 
and a are 2-z/c, vw/c and eEAo/moc?, respectively. 
Since this Hamiltonian function does not 
involve the time explicitly, it remains constant 
during the motion of an electron. If we 
write the value of the input and the output 
using the suffix 1 and 2, respectively, we 
have a relation 


=~ (64,)? . 


(3) 


Wen 2 cos Jy2= 1— Bers + c0s4, 
1+ Bere 2x See) 1 A rik De 2 
(5) 


in the regular section, for which $.=1. 
We can also safely assume that {1 e,r2 
a1, in the regular section and that 041, 64,2 
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<1 where 64n=4,:1+(2/2), i.e. 641 is the 
deviation of phase angle from —7z/2. Then 
equation (5) becomes 


WIRES St oe Ye 
Trt Tra T 
where 7=1///1— 8,2) is the nondimensional 
parameter corresponding to the total energy 
of the electron. Since the velocity of the 
electron is slightly smaller than the light 
velocity, 04,2 is smaller than 64,; due to the 
phase slip. 
If we write ar1=a72+0a;, (day >0) taking into 
account the attenuation of the guide, we have 


apg i Pet pd es te 
TT 


rt Tr2 
(6”) 


from equation (6). Using equation (3), the 
phase slip, (64,1:—64;2) must be less than 264, 
and also |64,2|<64,(64;2<0), so that we can 
obtain 


(6) 


: d = (Ari tay2)64, . (Cie) 
{ri Tre ra 
In our case, @itae~l, 64-,=1/6rad, and 


¥r2=13. Thus we have 71=8, i.e. the injec- 
tion energy into the regular section must be 
higher than 3.5 MeV to obtain a good energy 
spectrum. We had set it as 4 MeV. 

In order to be bunched within a small phase 
spread, the electron injected in various phases 
must oscillate in several complete cycles in 
the low energy side of the accelerator. Ponce 
de Leon® discussed the bunching action in 
detail in the design study for the Stanford 
Mark IV accelerator. We also used the similar 
formula for the parameters a,, 4, in the 
bunching section, like as 


a, =0.4+0.3 sin ee | | 


3 . zfE—4 
Ap [2 + sin ( )| P 
6 Za 4 


where € is the distance from the input of the 
accelerator measured by the free space wave 
length, 4. Since electrons experience the 
considerably large defocusing force from the 
electro-magnetic wave in the bunching section 
and also the defocusing force is different for 
phase angles, it is somewhat difficult to focus 
the electron beam by a proper longitudinal 
magnetic field. This gives the upper limit for 
the length of bunching section, so that we 
take 0<&<8. At the output of the bunching 


(8a ) 


(8b ) 
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section, the energy of electrons will reach to 
about 1 MeV, and the phase to the microwave 
will be bunched within -:1/6rad. After this 
section, electrons enter into the tapered 
section where a:=0.7 (const.) and 4;=—z/3 
(const.). The dimensions of cavities in this 
section are tapered so as to match the wave 
velocity with the electron velocity. These 
values of a and 4; can also be matched with 
the values of the regular section by a little 
phase shift at the output of the tapered sec- 
tion. The so-called buncher of our accelerator 
includes these two sections, the bunching sec- 
tion and the tapered section. 

As discussed above, the Hamiltonian of an 
electron remains constant during the phase 
motion, unless there were non-adiabatic 
change in parameters. Thus, the area of 
a closed orbit in the phase space, which is 
written by an electron, remains also constant 
during its phase motion around the phase 
stable position. If we take the amplitude of 
phase and energy oscillation of an electron as 
6y and 64 as is given above, we have 


Co) 
through the accelerator guide. At the input 
of the bunching section, we took the phase 
stable position 4):=0 so as to give the desira- 
ble condition for the bunching action as was 
shown in equation (8b). Then, from equation 
(4), we can find the formula for 67»: to be 


6y64=constant 


2Bw,v1 a1 Bw bi 
OY 1 —— A 
uy Vv Lee? a3 a ae cee cad | 
(10) 


1/2 
’ 
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on the assumption that the electrons injected 
into the accelerator have the phase spread 
64). and just the energy matched with the 
wave velocity. 67»1 corresponds to the ampli- 
tude of the energy oscillation when the in- 
jected electron at 641 
oscillation. 


the injection energy of 80kV, 6711 is given by 
6710.15{1—cos 64,1]! . (10’) 


Since there is no appreciable phase bunch- 
ing action both in the tapered and regular 


sections, 67:64 is less than 0.2 x (1/6)~0.03, | 
corresponding to the output energy spread of | 
100keV. Thus, at the input of the bunch- || 


ing section the electrons only injected within 
the phase angle of -+:z/6 will satisfy the con- 
ditions for the output energy spread. 


This is serious and is the reason that we | 


use a prebuncher before the injection of the 
bunching section. 

In the prebuncher, which is an ordinary 
velocity modulator of an electron beam, the 
electron beam suffers a non-adiabatic change 
of parameters, and can be bunched into a 
small angle without considerable changes in 


energy. A design study on the prebuncher | 


was made’, and it was found that about 2/3 
of electrons injected having the uniform distri- 


butions for the phase angle can be bunched | 


into the phase spread within -t7/6. The 
energy change due to the phase prebunching 
is small enough, and found to be less than 


+15kV, so that the area is constant at the j 


hie Cha aye heat ae 
40.4 + 0.3 ain (£24) 
<3 ; 


O<séSe 
PSESIE 


Fig. 2. 4d—é characteristic curve for the buncher. 


started the phase | 
Taking a@:=0.1 corresponding to © 
equation (8a) and fw,.1=3 corresponding to — 
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Fig. 3. y7—é characteristic curve for the buncher. 
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Fig. 5. 7—é curve when the parameters were changed from the designed values. 
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output of the phase prebuncher, d7p2-d4p2, is 
less than 0.03. The required power to the 
prebuncher is only 5-10kW, which is fed 
from a directional coupler attached to the 
main waveguide. 

We had checked the above considerations in 
the buncher including the tapered section us- 
ing a digital computor of Yurin-Calculation 
Service Center, and the results are shown in 
Fig. 2 and Fig. 3. The calculated results show 
good characteristics of the bunching and 
tapered sections. This graph shows that, ac- 
tually, the electrons having the phase spread 
of about 120°, which is twice the value dis- 
cussed by the adiabatic theorem, may be used. 
Some modifications on parameters would 
destroy such good characteristics as shown 
in Figs 4 and 5. 


b. Energy spread due to variation of the 
microwave power and frequency 
The phase angle 4, when we~c, can be 
written as 


aif ha 
Ife Some 
of Vp es Be Bw 


=2ne( : ---) 
Ao Pe 2g 


where 2, is the wavelength in the accelerator 
guide. Thus the phase shift, 64;, due to the 
variation of wavelength, 640, is given to be 


coat 2 
Ag? Bie Ao? 


Ai G iL ) OA 
Fa Xo V¢g Bu Ao ; 


In this expression, vy is the group velocity 
along the accelerator guide and is equal to 
d(1/ao)/d(/ag). In our case, c/vg is order of 102, 
whereas fw is 0.5-1, so that 64; can be ap- 
proximated as, 


(1) 


ody =2na( 


(12) 


2rz G OZ 


(13) 


0Ap~ ° : 
ho 


ao Vg 
This equation becomes 
bm ate ; 
f 
if the variation of 6A0/a) is replaced by the 
frequency variation 6f/f, and c/vg-2z/do by 
U. Using this formula we can calculate the 


energy spread in the regular and the tapered 
section; the results are 


Ne ee ee 
ere) 


(14) 


(14a) 
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and ; 

OV: Li of \, 

Gace 
where L, and L; are the length of the regular 
section and the tapered section, respectively. 
In the above calculation, we assumed that 
the group velocity is constant through the 
guide and that the attenuation of the power 
is sufficeintly small. Taking L,=L:=1m, 
Vi=3 MeV, 6V,, 6V:=100 keV and V,=0.017 ¢, 
we find that the frequency instability must 
be less than 1.5x10-* in the regular section. 
and 3x10-* in.the tapered section. In the 
bunching section. In the bunching section, 
the instability will not give any serious effect. 
on the energy variation because of the phase 
stability. Thus the frequency allowance is. 
the most serious in the tapered section and. 
the fluctuation should be within £50 kc. 

Such frequency stability is achieved by the 
power system shown in Fig. 1. The main 
oscillator is the TWT feed back oscillator 
having the standard cavity made from invar. 
About two watts continuous output power is. 
obtained from this oscillator, and amplified 
up to about two hundred watts by a pulsed 
travelling wave tube amplifier. Then the 
TWT amplifier is used as the driver of the 
pumped klystron amplifier, the peak power of 
which is about 3MW. 

This klystron amplifier is designed with an 
improvement on the vacuum pump and will 
be discussed in the second paper”. 

The change in the microwave power also: 
affects the output energy of the electron beam. 
Since the field strength is proportional to the 
root of the power flow, it is necessary that: 
the power level should be kept within the 
instabilities of 4% to keep the energy insta- 
bilities less than 2%. Since the klystron am- 
plifier is used at nearly saturated driving 
power, the output power change is mainly 
caused by voltage variation of the pulsed 
power supply. The linear droop of beam 
voltage during the pulse is responsible to the 
energy spread as discussed by Stanford Mark 
III linac group®. The energy spread is given 
by (5x/4)(tp—tr) percent from this effect, tak- 
ing the linear droop x percent per psec, the 
filling time tr, and the duration of electron 
pulse ¢». Corresponding to the parameters. 
p=2 psec and t7=0.6 usec, the droop must be 
held x=1 percent/vsec in order to limit the 
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spread to 2 percents or less. Also if we wish 
to keep the value of the maximum energy 
within the instability of 3 percents, variation 
in beam voltage between pulses must be less 
than 2.5 percents. We have established such 
stable pulsed power supply by some technical 
refinements on the usual line type pulser and 
the pulse transformer as discussed in the 
second article”. 


c. Other effects 

The temperature variation will cause the 
change of resonant frequencies of the ac- 
celerator cavities which corresponds to the 
phase shift of electrons to the wave. This 
effect can be treated as well as the effect due 
to the frequency variations. By a reasonable 
estimation, we can find that the change of 
temperature by about 1°C will cause the out- 
put energy shift of about 2%. This effect, 
however, will not so much affect the energy 
spread, unless there were some short time 
fluctuations. Our accelerator has a tempera- 
ture control system, which controls the tem- 
perature change in the accelerator guide with- 
in -+1°C, though we do not use it at the pre- 
sent stage. 

Dimensional errors in accelerator cavities 
also cause the phase shift, and will destroy 
the designed characteristics of the accelerator 
guide. The phase shift due to dimensional 
errors, 64m, in an accelerator cavity is given 
by 


bdn == pe(~*) (15) 


Vg to 

where df. is the error in the resonant fre- 
quency, fo, of that cavity. If we take random 
dimensional errors in cavities, the overall 
phase shift of electrons will be given by 
V N64m after the transit through N cavities. 
It is desirable that the shift is less than 1/6 
rad which is the value discussed in Sec. 3a. 
Since the total number of cavities is about 
100, 64m must be less than 1.5x10-* rad. 
From equation (15), we can obtain the toler- 
ance of the resonant frequency, 6/.<200 kc, 
for v,/c~0.017. In practice, the cavities were 
made so accurate that the corresponding er- 
rors in their resonant frequencies are less 
than -£100kc as shown in the third paper’. 

Finally, the transverse beam spread may 
cause the spread in the output energy of 
electrons. Since the diameter of beam can 
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be held as small as lcm by a longitudinal 
magnetic field, and since the wave-length is 
sufficiently large as 10cm, this effect, which 
depends on the value of 


jo jE Bee 

Be Ao 2 

is negligibly small, except near the entrance 
of the bunching section. 


$4. Determination of Cavity Dimensions 


The principle to determine cavity dimen- 
sions in a travelling wave linear accelerator 
is as follows: 

1) First, we settle the frequency of micro- 
wave which will be used. 

2) Then, the distribution of the phase 
velocity of the wave along the accelerator 
guide is assumed. 

3) Dimensions of cavities can be deter- 
mined from the frequency and the phase 
velocity, if the wave mode of the guide is 
decided. 

4) Wecan also estimate the attenuation 
constant along the guide, which determines 
the microwave power loss. 

5) If the available microwave power and 
the desired beam intensity are fixed, we can 
calculate the field strength along the guide. 

6) Immediately, the velocity change of 
electrons is determined from the field strength. 

7) The velocity of electrons must be in 
accord with the phase velocity of the wave 
everywhere in the accelerator. 

Actually, the calculations are made by 
means of successive approximations. In our 
design study, several methods published pre- 
viously by the Stanford and A.E.R.E. groups? 
have been used to determine the field distri- 
bution and the phase velocity along the guide. 
The effect of beam loading is treated as well 
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Fig. 6. Dimensions of the regular section. 
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as the methods worked by Saxon and by 
Neal’, with a little modification to. the 
tapered section. The cavity dimensions in 
the regular section are shown in Fig. 6. Some 
curves which give the calculated values of the 
dimensions of cavities of the buncher varying 
with the normalized length, &, are shown in 
intone ils 

In order to calculate cavity dimensions, we 
used a modified method of Slater’s four-ter- 
minal network theory" on the periodically 
loaded waveguide. Our formula used is for 
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m/2-mode, 
5 =cot k(D—d) , (16) 
where 
pea il ais 701098 oe, 7a) 
pith! ae 2.405 a 
and . 
Bae (ey . (17b) 
C b 


y is the normalized susceptance of the disk 
loading in the cylindrical waveguide, and cal- 
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Fig. 8. Comparison between the calculated and experimental values of 2b. 
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culated by a quasi-static field method. This 
formula is simpler than the others and has 
good accuracy which is enough to give the 
values of dimensions of the test cavities, by 
which the accurate dimensions are determined 
experimentally. The comparison between the 
calculated values and the experimental ones 
of 2b for the given values of 2a, D, d and Bw, 
are shown in Fig. 8. This is obtained from 
a careful experiment of test cavities reported 
in a separate article!?. The error in resonant 
frequency is less than one megacycle in the 
regular and tapered sections, while it becomes 


S4,/5 (24) 


Linear Accelerator as the Injector of Synchrotron 


1825 


considerably large as several ten megacycles 
in the first cavity of the bunching section, in 
which the disk hole is too large and the disk 
spacing is too small for the approximation 
used. Actually, the resonant frequency con- 
siderably depends on the shape of the cross 
section of the disk, and was corrected to that 
of the standard one using a_ perturbing 
theorem. 

It is the distinctive feature of this method 
that the equation (16) is convenient to esti- 
mate the changes of resonant frequency, df, 
due to some dimensional changes. Such esti- 


Fig. 9. Comparison between the calculated and experimental values of 6 fo/d(2a). 
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Fig. 10. Comparison between the calculated and experimental values of 0 f0/0(20). 
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mations are useful for the determination of 
the accurate dimensions by the experiment of 
test cavities, and also for the discussion on 
the effect of the phase shift due to the tem- 
perature variations and machining errors, 
discussed in Sec. 3c. Figs. 9,10 and 11 give 
the comparison between the calculated values 
(dotted lines) and the experimental ones (real 
lines). The agreement is fairly good, although 
the calculated curve of 6f0/6(2b) differs from 
the experimental results in the neighbourhood 


Comparison between the calculated and experimental values of 6 fo/dD. 


Photograph of the linear accelerator. 


of the entrance of the buncher. 
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The picture of the linear accelerator is given 
in Fig. 121 

The accelerator was constructed carefully 
so as to accord with the designed features, 
and found to operate meeting with the ex- 
pectation. The energy spectrum was obtained 
by a spectrometer using an analyzing magnet. 
An observed spectrum is shown in Fig. 13, 
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which shows the total spread of about three 
percents at 6.5 MeV. When we did not use 
the prebuncher, the spread increased to about 
5 percents. It was found that the shape of the 
spectrum depends on the microwave power 
and the beam loading, the cause of which 
seemed to be due to the improper field dis- 
tributions to match the electron velocity with 
the wave velocity. This effect would probably 
become important in the tapered section. The 
detailed characteristics are now being studied. 
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Fig. 13. An observed energy spectrum. 


The details of the practical construction 
will be reported in the following articles. 
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The analysis of gamma rays from natural sulphur, separated sulphur—32 
and sulphur-34 bombarded by protons up to 5.7 MeV was carried out. 
Excitation function of the 2.24 MeV gamma ray due to the transition 


(1Ist-ground state of %S) was measured. 


Resonances were found at 


Ep=4.77, 5.10, 5.35 and 5.60 MeV, which correspond to the excitation 
energies of 6.93, 7.24, 7.48 and 7.71 MeV of 39Cl, respectively. 

Gamma rays were observed with a single and three crystal spectrometers. 
In addition, using gamma-gamma cascade coincidence and sum coincidence 
methods, energies and decay scheme were determined as follows: 


32S: 


0.92 MeV (5th-2nd), 1.20 (6th-2nd), 1.54 (2nd-Ist), 2.23 (8rd-1st), 


2.24 (1st-ground) and ~4.3 (8rd or 4th-ground). 


45): 


0.97 (7td-3rd), 1.17 (2nd-1st), 2.13 (ist-ground), 3.30 (2nd-ground), 


3.91 (3rd-ground) and 4.11 (5th-ground). 
The 3.78 MeV gamma ray due to the transition (2nd-ground of *S) 


was not found. 


The angular correlation between the cascade gamma rays of 1.54 and 
2.24 MeV shows good agreement with the transition of O*(E2)2+(E2)+. 


Then the 2nd state of 9S at 3.78 MeV has a spin of O*. 


This assign- 


ment agrees with the calculation of the j-j coupling shell model. 

With a three crystal spectrometer, nuclear pair from the 2nd state of 
825 at 3.78 MeV was searched. The intensity of the nuclear pair was 
about 2% or less of the 1.54 MeV gamma ray. 

The configurations of this O+ second state and the ground state of %1P 


are also discussed. 


$1. Introduction 


The analyses of gamma ray spectra from 
excited states of various nuclei have brought 
valuable informations on the properties of 
nuclei. So far detailed investigations have 
been carried out for the gamma ray transitions 
from various nuclear excited states following 
the decays of radioactive nuclides and from 
excited states formed by proton or neutron 
capture. As compared with the amount of 
these investigations, gamma rays from the 
excited states formed by inelastic scattering 
have been studied only for a few elements in 
spite of many advantages such as; that the 
method can be applied to most of the nuclei, 
that the cross section is relatively large, and 
that it is especially suitable for studying low- 
lying states. For the last four years we have 
investigated the gamma rays due to inelastic 
Scattering of protons up to 5.7 MeV” and of 
10 and 14 MeV” for several elements. In this 


paper also, the analysis of gamma rays from 
natural sulphur, separated sulphur-32 and sul- 
phur-34 bombarded by protons up to 5.7 MeV 
will be reported. 

wes 

Natural abundances of sulphur isotopes are 
95.018, 0.750, and 4.215% for 22S, #8S, and *4S, 
respectively. Several investigators have re- 
ported the measurements on the excitation 
energies of the low-lying states of *S. By a 
magnetic analysis of *°Cl( p, a)??S reaction®, 
levels were found at 2.237+-0.008, 3.780-+0.008, 
and 4.287-0.008 MeV, 4.465-+0.10, and 4.698-++ 
0.10 MeV. 

From the measurement of neutron angular 
distributions in **P(d, 1)82S reaction’, 1»’s were 
assigned as 0 for the transitions to the ground 
and the 2nd states, and as 1 for the transition 
to the lst state. Since the ground state of 
**P have been known to have a spin of 1/2 
and even parity, the value of 1,=0 for the 
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transition to the ground state of *2S indicates 
that it has even parity and a spin of 0 or 1. 
This is in agreement with the fact that the 
spin of all even-even nuclei is 0. 

In the case of the transition to the lst state, 
the value of 1»=2 indicates that it has even 
parity and spin 1, 2, or 3. Considering the 
results of the reaction **S(e, e’) and the re- 
action *P( p, 7)®2S®, the spin and parity of 
this state has been assigned to be 2%. It is 
consistent with the general tendency for light 
even-even nuclei that the lst state possesses 
the spin and parity of 2°. 

The value of 1,=0 for the transition to the 
2nd state at 3.78 MeV indicates that this state 
has even parity and spin 0 or 1. On the other 
hand, there are several reports that the 3.8 
MeV gamma rays were observed in the reac- 
tions *4P( p, 7)2S” and *2Cl(f+)?2S*(7)®.». The 
authors of these papers concluded that these 
gamma rays were due to the direct transition 
from the second state to the ground state. It 
follows that the assignment of spin 0 to this 
state is excluded. Considering these results, 
it has been hitherto assigned to be 1+. It is 
worthy of attention that the 2nd state has a 
spin of land even parity. Several authors?.'» 
have discussed the configurations of these 
states and the ground state of *!P on the basis 
of the shell model. They pointed out the 
difficulty of any interpretation for the 1+ state 
at such low energy as will be discussed in §4. 
It seems that experimentally these is no doubt 
that 1,—0 is the correct assignment. We 
suspect, however, that the gamma ray of 3.8 
MeV is not due to the transition from the 
2nd state, but due to the transition between 
higher states of **S. From these reasons it 
is of interest to find out the branching ratio 
of the gamma rays from this state to the 
ground and the Ist states, using the reaction 
22S( p, p’y7), which leads to only several low- 
lying excited states. In addition it is also of 
interest to measure the cascade gamma-gamma 
angular correlation if these gamma rays could 
be found. 
oS 

By a magnetic analysis of the *’Cl( p, a)**S at 
E»=7.0 MeV, levels were found at 2.127, 3.302, 
3.915, 4.073, 4.114, 4.621, 4.685 and 4.876 MeV, 
all 0.008 MeV®. 

The spin and parity of the lst state at 
2.127 MeV is found to be 2+ from the allowed 
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characters of B- decay of *P(J=1+) to the 
ground and the Ist states of 94S!” and of B+ 
decay of **Cl™(J=3+) to the lst state of *4S®. 

The spin and parity of the 2nd state of “S 
is also found to be 2+ from gamma-gamma 
angular correlation'®. This assignment is. 
consistent with the $+ decay of ##Cl™™®, 

From the decays of **P and *4Cl™, about 4 
MeV gamma rays were also observed!®:1®, 
If these gamma ray energies are accurately 
equal, this gamma emitting state of *4S should 
also have 2+ for the same reason as in the 
Ist state of *4S. 


§2. Experimental Methods 


Molecular ion beam of hydrogen accelerated 
by Osaka University 44 inch cyclotron was 
used. The energy of the proton was estimated # 
to be 5.7 MeV 0.1 MeV, and it was degraded 
at 100 keV intervals by aluminum absorbers. 
in order to measure the excitation curve. The 
beam defining slit was made of a gold plate 
with a circular hole one mm in diameter The 
proton beam current was about one mya for 
the gamma-gamma coincidence experiments,. 
and was about ten mya for the other ex- 
periments. The targets were prepared by 
painting BaSO, powder onto thick gold plates. 
Most of the measurements were made with a 
natural sulphur target, but a few were made 


16° 


0 5 10 
Fig. 1. The energy-efficiency curve of the three 
crystal pair spectrometer, as shown in Fig. 2, 
for gamma rays incident to the front surface 
of the centre crystal. 


Mev 


1830 Yasuo HIRAO 


with separated *S and *4S. The target of *S 
was a thin PbeS layer spattered on a thick 
gold backing. 

We used a Nal(T1) scintillator, 3-inch di- 
ameter by 3-inch long, for the measurements 
of gamma ray spectra and the .excitation 
curve. We also used a three crystal scintilla- 
tion spectrometer!”. The energy-efficiency 
curve of this spectrometer was calculated 
and is shown in Fig. 1. This spectrometer 
have a Nal(Tl) scintillator 14 inch diameter 
by 4-inch long as a center crystal and two 
Nal(T]) scintillators, 3-inch diameter by 3-inch 
long, as side crystals. For the measurements 
of gamma-gamma coincidence spectra, sum 
coincidence spectra, and gamma-gamma angu- 
lar correlations, two Nal(T1) scintillators, 3- 
inch diameter by 3-inch long were used, and 
sometimes a scintillator, 5-inch diameter by 
4-inch long, was used. For the nuclear pair 
detection, we used another spectrometer, which 
was a sort of three crystal pair spectrometer, 
having a well-type plastic scintillator, 13-inch 
diameter by 2-inch long, as the centre de- 
tecter. All the spectra were analyzed by a 
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Fig. 2. Block diagram of the three crystal pair 


spectrometer. 
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Fig. 3. Blook diagram of the coincidence ex- 
periment. 
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20 channel and a 30 channel pulse height 
analyzer, having a dead time of about 2.9 psec. 
The coincidence method is a so-called “ fast- 
slow” method. The resolving the of fast 
coincidence is about 5x 10-* sec using a diode 
bridge coincidence circuit!®. This resolving 
time was chosen according to the frequency 
of the cyclotron. The block diagram of the 
coincidence experiments is shown in Fig. 3. 


§3. Experimental Results 


Excitation Function of 2.24 MeV Gamma Ray: 

The intensity of, the most intense gamma 
ray of 2.24 MeV, which is almost due to the 
transition from the lst to the ground state of 
32S, was measured as the function of incident 
proton energy, using a Nal(T]) scintillator, 3- 
inch diameter by 3-inch long. The result is 
shown in Fig. 4. The Q-value of **S+) re- 
action is 2.285 MeV. So far several reso- 
nances have been found at £,=0.59, 1.90, 
2.305 2281,92:90,22-92, 309813 19 S38S8iandise/Z 
MeV”. In the present experiment, resonances 
have been found at H»=4.77 and 5.10 MeV. 
These correspond to the excitation energies 
of 6.93 and 7.24 MeV of #*Cl, respectively. At 
Ey,=5.35 and 5.60 MeV also, broad resonances 
were found, which corresponded to 7.48 and 
7.71 MeV of Cl, respectively. The result is 


Ey 2.24MeV 


Relative Intonsity 
oy 


4.5 5.0 


5.5 MeV 
Proton energy 


Fig. 4. Excitation function of 2.24 MeV gamma 
ray, observed with a Nal(T1) scintillator, 3-inch 
diameter by 3-inch long, at right angles to the 
incident proton beam direction. 
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Table I. Resonances in the excitation function 
of the 2.24 MeV gamma ray and the correspond- 
ing level energies in 38Cl. 


Proton energies at Corresponding level 


resonances energies in %C] 
4.77 MeV 6.93 MeV 
5alO aA We 

~5.35 7 ~7.48 4 


~5.60 7 SEI Ve 


tabulated in Table I. 


Gamma Ray Spectra: 

Fig. 5 and Fig. 6 show the gamma ray pulse 
height distributions from the single Nal(Tl) 
scintillation spectrometer, 3-inch diameter by 
3-inch long, and the three crystal scintillation 
pair spectrometer, respectively, at right angles 
to the incident proton direction. Natural sul- 
phur compound was used as a target. These 
spectra were measured at the incident proton 
energy of 5.7 MeV. Arrows in Fig. 5 and 
Fig. 6 indicate the positions of the gamma 
ray energies expected from thejwell established 
level energies. These show good agreements 
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Table II. Gamma ray energies, possible origins 
and relative intensities of the three crystal pair 
spectrum at 5.7 MeV of incident proton energy, 
at 90° to the proton beam direction. Relative 
intensities were corrected using the energy- 
efficiency curve in Fig. 1. 


Relative 


y Yay 


energies Possible origins intensities 
| e 34 
LayMeyy |) cod heuel dee >40 
| 2nd-Ist of 82S . 
alld (7th-2nd of 4S) ay 
Ist-ground of 2S 
PPM ii Ath-1st of 2S 108 
lst-ground of 34S 
3.30 7 2nd-ground of #4S He 
; (2nd-ground of 32S) _ 
O29 7) (3rd-ground of 34S) = 
3rd-ground of 2S 
oe! 4th-ground of 2S ate 
with the peak positions of the spectra. The 


possible origins and the relative intensities of 
the gamma rays in Fig. 5 are tabulated in 
Table II. These values have been corrected 
by the energy-efficiency curve of Fig. 1. The 
efficiency at about 1.2 MeV is too low to 


St+p 


Ep=5.7MeV 
Nal(T1) 3" x3" 


60 60 


Fig. 5. Gamma ray pulse height distribution from the single Nal(T1) scintillation spectrometer, 
3-inch diameter by 3-inch long, at right angles to the proton beam direction. Target was 
made with natural sulphur compound, BaSO,, and incident proton energy was 5.7 MeV. Arrows 
in Figs. 5, 6, etc. indicate the positions of the gamma ray energies expected from the well 


established level energies. 
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estimate the relative intensity of the 1.2 MeV 
gamma ray. As tabulated in Table 2, pre- 


viously reported gamma rays, 1.17 (2nd-1st of 
84S), 2.24 (1st-ground of #S) and 3.30 MeV ray (1st-ground of *S). 


Yasuo HIRAO (Vol, 16, 


(2nd-ground of *4S), were found and 2.13 MeV 
gamma ray (lst-ground of *4S) was comprised 
in the peak of the intense 2.24 MeV gamma 
The intensity ratio 
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Pulse WHelght 
Fig. 6. Three crystal pair spectrum at proton energy of 5.7 MeV and right angles to the proton 
beam direction. Natural sulphur compound, BaSO,, was used as a target. 
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Fig. 7. Gamma ray spectrum from proton bombardment of the target of separated sulphur-32. 
compound, BaSO,, at incident proton energy of 5.7 MeV, using a Nal(T1l) scintillation spectro- 
meter, 5-inch diameter by 4-inch long. 
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of the 1.17 Mev to the 3.30 MeV gamma rays 
was found to be =40/7, while the ratio pre- 
viously reported is 73/27). This discrepancy 
indicates that the peak at 1.17 MeV may 
comprise 1.20 MeV gamma ray (6th-2nd of 
*°S). The gamma ray of 1.54 MeV was newly 
found and may be due to the transition (2nd- 
Ist of **S) while the gamma ray of 3.78 MeV 
(2nd-ground of *°S) was not found, which was 
reported by other authors”:®).» as was men- 
tioned in §1. This fact brings forward once 
more the problem whether the spin of the 2nd 
state is 1 or 0. Very weak gamma ray at 
about 3.9 MeV may be due to the transition 
(3rd-ground of *4S), although it is scarcely 
noticeable. The peak at about 4.3 MeV is, 
perhaps, of the gamma ray transition (3rd- 
ground of *°S) and (4th-ground of °°S) in part. 

Next the gamma ray spectrum from proton 
bombardment of separated *S target, at Ey= 
5.7 MeV, was observed. The result is shown 
in Fig. 7 and Table III. Observed peaks are 
well explained with the energies expected from 
32S. However, as the abundance of *4S in this 
separated target aS an impurity is not ac- 
curately known, the spectrum may comprise 
the gamma rays from the excited states of 
84S in part. An intense peak at 0.55 MeV is 
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Table II. Gamma ray energies, possible origins 
and relative intensities of the single spectrum 
from separated sulphur-32 target using a Nal(T1) 
scintillator, 5-inch diameter by 4-inch long, at 
5.7 MeV of incident proton energy, at right 
angles to the incident proton direction. Relative 
intensities were corrected for the efficiencies of 
the spectrometer. 


Relative 


7 ray ; fy 
energies | Possible origins intensities 
0.55 MeV Au — 
0.92 » | Sth-2nd of #5 10 
1.20 » | 6th-2nd Y 40 
1.54 » |  2Qnd-1st ” 102 

| 1s-ground 7 

QI Tis | Ath. 1st ; 103 
4.29 » | 3rd-ground 17 ~20 
(4.47) | (4th-ground 7 ) 


due to coulomb excitation of Au target back- 
ing. 0.92 MeV gamma ray may be due to 
the transition (5th-2nd of *?S). The other 
higher energy peaks are of the same gamma 
rays as of Figs. 5and 6. 3.3MeV gamma ray 
(2nd-ground of *4S) vanishes, while 1.2 MeV 
gamma ray still remained. This result sup- 
ports the above consideration that this gamma 
ray is due to the transition (6th-2nd of *°S). 


die p Ep=5.7Mev 
Nal(T!) 3°¢x3" | 
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Fig. 8. Gamma ray spectrum from proton bombardment of the target of separated sulphur-34 


compo 
meter, 3-inch diameter by 3-inch long. 


und, Pb2S, at incident proton energy of 5.7 MeV, using a Nal(T1) scintillation spectro- 
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Next the gamma ray spectrum from proton 
bombardment of separated *4S target, at E»= 
5.7 MeV, was observed. The result is shown 
in Fig. 8 and Table IV. Observed peaks can 
also be explained with the energies expected 
from the well established levels of. *4S. The 
peak at about 1 MeV may be due to the 
transition (7th-3rd of *4S). The peaks at 1.17, 
2.13 and 3.30 MeV correspond to the previously 
reported gamma ray transition (2nd-1st of *‘S), 
(1st-ground of *4S) and (2nd-ground of *4S) 
respectively. The peaks at 3.9 MeV and at 
4.1 MeV are due to the transitions (3rd-ground 
of *S) and (5th-ground of *4S), respectively. 
These gamma rays may be the same as pre- 
viouly observed in the decays of *4Cl™(+) 
“AS*() and  **P(8)= 4#ShG@ie brOne cannot’. find 
gamma ray at about 1.5 MeV, and this fact 
indicates that the 1.54 MeV gamma ray, de- 
scribed above, is not of #4S, but of 2S. 


Table IV. Gamma ray energies, possible origins 
and relative intensities of the single spectrum 
from separated sulphur-34 target, using a Nal(T1) 
scintillator, 3-inch diameter by 3-inch long, at 
5.7 MeV of incident proton energy, at right 
angles to the incident proton direction. Relative 
intensities were corrected for the efficiency of 
the spectrometer. 


Bieisics Possible origins races 
0.97MeV | 7th-3rd of 34S <10 
i 7 2nd-1st ” 5 
ae NSS | Ist-ground + 40 
(2.75) »  (7th-1st ”) = 
3.30 7 2nd-ground » | 7 
Dal 77 3rd-ground 7 | Bs 
A 7: | Sth-ground » | 10 


Coincidence Spectra: 

Next, we observed the coincidence spectra 
gated by the 2.24 MeV gamma ray at several 
bombarding energies, using natural sulphur 
target as shown in Fig. 9. The energies and 
the relative intensities of these gamma ray 
at 5.7 MeV incident proton energy were tabu- 
lated in Table V. The incident beam current 
was chosen to be small so that the accidental 
coincidence counts would be negligible. In 
order to establish the decay scheme of these 
gamma rays, the incident proton energy was 
degraded with aluminum absorbers wtih 100 
keV intervals. As shown in Fig. 8, the in- 
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tensities of each coincidence gamma rays 
became smaller with the degradations of 
proton energy, while the excitation curve of 
2.24 MeV gamma ray observed with the single 
Nal(T1) scintillator had a peak at 5.1 MeV 
and then the intensity of the 2.24 MeV gamma 
ray was rather higher at lower incident proton 
energies as was shown in Fig. 4. From these 
facts it is concluded that the 2.2 MeV gamma 


Table V. Coincidence gamma rays gated between 
2.00-2.35 MeV were listed at proton energy of 
5.7 MeV. Natural sulphur target and two Nal(T1) 
scintillators, 3-inch diameter by 3-inch long, 
were used. Relative intensities were corrected 
for the efficiency of the spectrometer. 


7 ray . ota. Relative 

energies Possible origins intensities 
(5th-2nd of 2S) | 

0.96 MeV |. (7th-3rd-of 4S). | 2 
2nd-lst of 34S 

VW (6th-2nd of 22S) oe 
2nd-lst of 22S 

Ona (7th-2nd of %4S) 60 

DPS Ni 


4th-lst of 22S 23 


S+p 
Ep= 5.7 MeV 
Nal (TI) 


+— (2.00) 


Coynts 
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Fig. 9. Coincidence spectra gated by the gamma 
rays of 2.00-2.35 MeV, using two Nal(TI) scintil- 
lators, 3-inch diameter by 3-inch long, at proton 
energies of 5.7, 5.4 and 5.1 MeV. Target was 
a natural sulphur compound, BaSQ,. 
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ray coincident with 2.24 MeV gamma ray is 
hardly due to accidental coincidence but the 
true cascade gamma ray of the transition 
(4th-1lst of **S). These results confirm at the 
‘Same time that the 1.54 MeV gamma ray is 
‘due to the cascade transition (2nd-lst of #2S) 
‘and accidental counts are negligible. The 
gamma ray of about 1.2 MeV is almost due 
to the transition (2nd-1st of *S), but a part 
of it may be due to the transition (6th-2nd 
of *S), 1n comparison with the coincidence 
spectra of separated **S target, as will be de- 
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Fig. 10. Coincidence spectra gated by the gamma 
rays of 2.00-2.35 MeV, using two NalI(T1) scintil- 
lators, 3-inch diameter by 3-inch long and 5- 
inch diameter by 4-inch long, at proton energy 
of 5.7MeV. Target was a separated sulphur- 
32 compound, BaSO, . 


Table VI. Coincidence gamma rays gated between 
2.00-2.35 MeV were listed at proton energy of 
5.7 MeV. Separated sulphur-32 target and two 
Nal(T1) scintillators, 3-inch diameter by 3-inch 
long and 5-inch diameter by 4-inch long, were 
used. Relative intensities were corrected for 
the efficiency of the spectrometer. 
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scribed later. The gamma ray of about 0.9 
MeV energy is perhaps due to the transition 
(5th-2nd of #S). All of these coincidence 
gamma rays are consistent with the single 
spectra and three crystal pair spectrum as 
were described already. 

Cascade coincidence spectra were also ob- 
served using separated **S target. Results are 
shown in Fig. 10, and are tabulated in Table 
VI. These results also show that these co- 
incidence gamma rays are almost due to the 
cascade transitions of °S. 


Sum Coincidence Spectra: 

Next we observed a sum coincidence spec- 
trum” of the 2.24 MeV and 1.54 MeV gamma 
rays, in order to confirm the decay of the 
second state at 3.78 MeV of *S. The gate 
of the sum coincidence was set at 3.78 MeV. 
Geometrical and circuit arrangement for this 
experiment are the same as in the cascade 
coincidence experiment with the exception 
of interposition of a summing network of two 
output pulses from two detectors just before 
the gating single-channel pulse-height ana- 
lyzer. The result is shown in Fig. 11. This 
spectrum shows a typical shape of simple 
cascade decay. In this case, also, the ac- 
cidental coindence counts were negligible, con- 
sidering the single counting rate of the 2.24 
MeV gamma ray from each detector. In a 
sum coincidence measurement, one most take 
care to avoid a false peak caused by any 
inadequate gate setting, in which case the 
spectrum is not symmetric about the mean 
energy of two cascade gamma rays. The 
result of sum coincidence measurement, as 
shown in Fig. 11, supports the result of cascade 
coincidence that the 1.54 MeV gamma ray and 
the 2.24 MeV gamma ray are emitted in cas- 
cade and the former may be due to the transi- 
tion from the 2nd state at 3.78 MeV to the 
Ist state at 2.24 MeV of **8S. From the con- 
sideration of the detection efficiencies of these 
experiments, it is concluded that the 2nd state 
decays in cascade and branching ratio of the 
direct transition to the cascade transition is 
less than 5%. The 1* assignment for the 2nd 
state becomes, therefore, not exclusive. Then, 
in order to determine the spin of this state, 
we have measured the gamma-gamma angular 
correlations of the cascade gamma rays from 
this state. If this state has spin 0, the direct 
gamma ray transition to the ground state is 
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First, we measured the angular distributions: 
of the 1.54 MeV gamma ray in coincidence 
with the 2.24 MeV gamma ray, rotating two 
detectors with fixed angles to each other around: 


forbidden. 

Gamma-Gamma Angular Correlations: 
Gamma-gamma angular correlation meas- 

urements can be separated into three parts. 
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Fig. 11. Sum coincidence spectrum gated at 3.78 MeV, using two Nal(TIl) scintillators, 3-inch dia- 
meter by 3-inch long, at proton energy of 5.7 MeV, using natural sulphur compound, BaSOQ, ., 


as a target. 
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ice: Angular distribution of the 1.54 MeV gamma ray in coincidence with the 2.24 MeV gamma. 
ray, rotating two detectors, 3-inch diameter by 3-inch long, with fixed angle to each other 
about the axis as shown in figure. : 
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Wig. 13. Angular distributions of the 1.54 MeV and 2.24 MeV gamma rays in coincidence with the 
2.24 MeV and 1.54 MeV gamma rays, respectively, using two detectors, 3-inch diameter by 
3-inch long, one of which was fixed on the rotating axis and the other was rotated in the 
plane which includes the proton beam direction, as shown in the figure. 


Coinc. Gounts 


Fig. 14. Angular correlations of the 1.54 MeV and 2.24 MeV gamma rays using two detectors, 3- 
inch diameter by 3-inch long, one of which was fixed at right angles to the beam direction 
and the other was rotated about the axis at right angles both to the beam direction and to 


the direction of the fixed detector, as shown in the figure. Solid and dashed curves represent 


the calculated angular correlation curves, corrected by the finite solid angles of the detectors. 


In (A) the 2.24 MeV gamma ray (72) was fixed and in (B) the 1.54 MeV gamma ray (712) was 
fixed. The lower curves show the angular correlations of the 2.23 and 2.24 MeV gamma rays 
Observed in the same way. In (C) the identity of two correlation curves is shown. 
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the axis through the target position and per- 
pendicular to the plane which includes both 
the detectors and the incident proton direction. 
The measured results are shown in Fig. 12. 
The distributions were found to be isotropic 
within statistical errors. ; 

Next, one detector was placed on the rotat- 
ing axis and the other was rotated around the 
same axis. In this case also, the distribution 
was found to be isotropic as shown in Fig. 13. 
These results indicate that the nuclei followed 
by the gamma emission are not aligned and, 
therefore, cascade gamma-gamma angular cor- 
relation can be treated in the same way as 
for a radioactive nuclide. 

The gamma-gamma angular correlation was 
measured in the same arrangement as the first 
case but one detector was fixed at right angles 
to the incident proton direction and another 
was rotated around the same axis. In this 
experiment also, two multichannel pulse height 
analyzers and two single-channel pulsd height 
analyzers were used as shown in Fig. 3, in 
order to gate one another by the 2.24 MeV 
gamma ray. The results are shown in Fig. 14. 
These results agree with the theoretical calcu- 
lation for the transitions 0+(E2)2*(E2)0* as 
shown in Figs. 14(A), (B). The theoretical 
angular correlation for this transition is as 
follows: 

W(@)=1+0.357P2+1.07P; . 


The theoretical curves in Fig. 14 have been 
corrected for the effect of finite solid angles 
of the detectors. On the other hand, the 
theoretical angular correlation for the cascade, 
1*+(M1, E2)2*(E2)0*, is as follows: 
W(@)=(1—0.250P2)+67(1+0.679P:—0.762P,) 
+206(1+0559P2) , 


where 6 represents a mixing ratio. The first 
and the second terms are the correlation 
functions for the pure cascades 1+(M1)2*(E2)0* 
and 17*(E2)2+(E2)0+, respectively. The third 
term is the contribution due to the interfer- 
ence between M1 and E2 transitions. One can 
not fit the experimental results with 1+(M1, 
E2)2*(E2)0* even if any large mixing ratio 
is assumed. 

It is interesting that two kinds of tripple 
angular correlations, one of which are gated 
by 72 at fixed detector and the other gated 
by 72 at rotating detector as shown in Figs. 
14(A) and (B) respectively, become identical 
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for the case that J=0 and Liz=L2=/J2, where 
these symboles are also shown in Figs. 14, 
This fact makes the analysis of tripple angular 
correlation simple. For an even-even nucleus, 
it is the case that 712 is pure E2 transition. 
In the present case J: have been restricted 
to be 1+ or 0* from the result of the reaction 
31P(d, n)32S as was previously described. There- 
fore, as the further analysis, mere considera- 
tion of pure E2 transition from 1+ state for 
712 will do, considering the identity of angular 
distributions in Fig. 14(A) and Fig. 14(B), even. 
if there be not the evidence of isotropic dis- 
tribution for 71. Or there be any accidently 
cancellation of angular distribution, although. 
the fact is that there are evidences of isotropic: 
distributions, as shown in Fig. 12 and Fig. 13. 
In such tripple correlation, also, it is found. 
that one can not fit the experimental angular 
correlations to calculated curve of 1*(E2)2~ 
(E2)0+. It is, therefore, concluded that the: 
spin and parity of the 2nd state at 3.78 MeV 
are 0 and even. At the same time, it is. 
confirmed that the lst state at 2.24 MeV has. 
the spin of 2 and even parity, which has beer 
assigned tentatively. 


“Cal p, pet) 
Ep*5.7MeV 
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pair spectrum 


3.58~1.02 


— 


Counts 


**5(p, pot) 
Ep*5.7Mev 


° 40 20 30 
Pulse Height 


Fig. 15. The spectrum of the nuclear pairs from 
the 1st state of 4°Ca, using three crystal pair 
spectrometer with a well type plastic scintillator 
as a centre detector. The lower curve shows: 
the pair spectrum from the proton bombard- 
ment of natural sulphur compound, BaSQ,, ass 
a target. 
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Nuclear Pair Detection: 

We searched the nuclear pair from the 2nd 
state to the ground state using a three crystal 
pair spectrometer as shown in Fig. 2. Fora 
test of the detector, we observed the nuclear 
pairs from the lst state of *°Ca using the 
reaction *°Ca( p, p’et+)#°Ca. The result was 
shown in Fig. 15. Using the same arrange- 
ment, we searched the nuclear pairs from the 
2nd state of **S, but no distinct pair peak was 
found. Considering the detection efficiencies 
of the spectrometers and the proton beam 
currents, it was deduced that the intensity of 
nuclear pairs is about 2% or less of that of 
the 1.54 MeV gamma ray. 

On the other hand, the lst 0* state of *°Ca 
at 3.35 MeV has a half-life of 1.4x10-® sec, 
while the estimated half-life using the single 
particle model is 4.9x10-!? sec for E2 transi- 
tion of 1.54 MeV gamma ray. From these 
fact it is estimated that the intensity of the 
nuclear pair from the 2nd 0* state of *S may 
be about 0.4% of that of 1.54 MeV gamma ray. 
We think that the efficiency and resolution 
of the spectrometer is too low to detect such 
low intensity pairs. 


§ 4. Discussions 


0+ Second Excited State of *°S: 

As mentioned already in $1, several au- 
thors’! pointed out the difficulty of any 
theoretical explanation for the 2nd state of 
825 that possesses the spin of 1 and even 
parity. R. Huby and H. C. Newns discussed 
as follows’. They assumed for this state to 
be double, one component having 0* and the 
other some reasonable spin and parity, say 2* 
or 4+, and to lie in energy closer than 20 KeV, 
which is the accuracy of the energy deter- 
mination. With these assumptions the stripp- 
ing reaction **P(d,n)**S could excite both these 
levels but the transition to the component 
having 0* masked the other. In addition the 
gamma ray transition to the ground state 
now no longer makes 0+ impossible since it 
can arise from the component having non-zero 
spin. On the other hand, A. Arima calculated 
the energy levels, spins and parities of *S, 
on the basis of the j-j coupling shell model’”. 
From the results of his calculations the first 
T=1 state appears at 7.18 MeV, the first /=1 
states appears at 8.00 MeV, and the 0* excited 
state appears at 4.12 MeV. According to his 
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discussions, if it is experimentally sure that 
there is no low-lying 0+ state in %S, the 
theoretical low-lying 0+ state in this nuclei 
shows the inadequacy of the values of the 
parameters in the calculation. 

The assignment of 0+ for the 2nd state, 
however, can remove these theoretical difficul- 
ties. The configuration of the theoretically 
calculated state at about 4 MeV may be 
(S1/2)0°(ds/2)o° T=0, J=0), while the ground 
state is (si/2)o*. If these two state are formed 
by s-wave protons from the ground state of 
*tP as found in the reaction *P(d, 1)%S, it is 
deduced that the configuration of the ground 
state of **P may be mixed with (s1/2)1jo(ds/2)o2 
and (s1/2):/2. This configuration gives reasonable 
agreement with the theoretically calculated 
magnetic moment on the basis of the j-j coupl- 
ing shell model. If this configuration is pure 
(Si/z)1/2, the calculated magnetic moment can 
not explain the experimental valve. This 
configuration mixing of the ground state of 
*1P are supported by the angular distribution 
measurement of protons in the reaction °!P 
(d, ype. 

Recently, B. D. Kern carried out the search 
of the 3.8 MeV gamma ray in the reaction 
82S(n, n’7) when *D(d, n)*He neutrons of ener- 
gies greater than 3.8 MeV but less than 4.32 
MeV were used to bombard a sulphur sample”®’. 
No 3.8 MeV gamma ray was found with two 
different geometrical arrangements. This fact 
confirms our ‘experimental result. 

If the 2nd state of **S has a spin of 0+, we 
meet another question why the higher excited 
states decay scarcely to the 0+ ground state 
but to the 0+ 2nd state. According to the 
single particle estimations, the intensities of 
the direct transitions of the states at about 
5 MeV to the ground state are not less than 
10? times of those of the cascade transitions 
through the 2nd state, even if these are El 
or M1 transitions. Experimentally the in- 
tensities of the direct transitions are not more 
than about a half of those of the cascade 
transitions. It is considered that some un- 
known selection rules may exist or these 
cascade gamma rays may be due to the 
transitions between higher excited states of 
325 than 3.78 MeV. 


The 3rd and 4th States of *S: 
The cascade transition from the 3rd state 
to the 1st state of 98S could not be observed. 
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If the observed gamma ray of about 4.3 MeV 
is attributed to the direct transition from the 
3rd state to the ground state, the 3rd state 
may have a spin of 1~ or 2¢. 

On the other hand, the 4th state decays 
through the lst state by the emissions of the 
cascade gamma rays of 2.23 and'2.24 MeV. 
The angular distribution data between these 
cascade gamma rays, as is shown in Fig. 14, 
can be tentatively explained with the transi- 
tion 1-(E1)2+(E2)0*, although the data are too 
poor to assign definitely the spin of the 4th 
state. If the spin of this state is 1, the direct 
transition to the ground state may also exist 
comprised in the peak at about 4.3 MeV. 
Moreover, it is possible that the 3rd state has 
a larger spin and is scarcely excited by the 
inelastic scattering process and the gamma 
ray at about 4.3 MeV is almost due to the 
transition from the 4th state, although there 
is a little ambignity of the energy determina- 
tion. For the spin assignments of these states 
it is necessary to measure the more accurate 
energies and intensities for the gamma rays 
of about 4.3 MeV. 


The Excited States of *4S: 

The 3.91 and 4.11 MeV gamma rays were 
found. Considering the results of °Cl™( 8+) 
34S*(7)!, it is deduced that the 3.91 MeV 
state has a spin of 3+ and the 4.11 MeV state 
has a spin of 2+. The 4.88 MeV state decays 
with the cascade gamma ray of 0.97 MeV to 
the 3.91 MeV state. Then the spin of the 
4.88 MeV state may be 2 or 3. 


Fig. 16. The level schemes of 22S and #4S. Arrows 
indicate the gamma ray transitions observed in 


the present experiment. Only the 0.62 and 
0.77 MeV gamma rays were observed not in the 
present experiment but in the decay of #4C]™,16) 
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D,0 soaked, H;O soaked and unsoaked emulsions were irradiated simul- 
taneously at the characteristic angle by the 20.5MeV polarized brems- 
strahlung from a thin Al target in a betatron. The linear polarization 
of the gamma rays from 4 MeV to 6 MeV was estimated to be 31.7+5.0% 
by observing the azimuthal angular distribution of photoprotons from 
deuterons. The H;O soaked emulsion and unsoaked one were used to 
study O17, p) reaction. The proton energy spectrum shows a structure 
which agrees with the earlier results except a peak at 1.1 MeV of proton 
energy. This peak which has never been found corresponds to the well- 
known resonance in N!5(p,7)O18 at 1.05 MeV of proton energy. The 
azimuthal angular distributions of photoprotons caused by several photon 
energy regions were observed. From these angular distributions it is 
shown that a resonance at a photon energy of 17.3 MeV is #1 transition, 
and the corresponding level of O16 is considered to have J=1-, T=1, 
which is in good agreement with the theoretical calculation in the inter- 


mediate coupling. 


$1. Introduction 

The photoproton emission from O'* has been 
studied recently'!~”, and many proton peaks 
in the energy spectrum have been observed. 
In principle these structures of the spectra 
should not be compared directly with those 
of the cross section, because the transitions 
to the excited states of the residual nucleus 
plays an important role in the case of the 
proton spectra. In practice, however, Johans- 
son et al.”) and Milone et al.*) studied the 
cross section and the branching ratios to the 
levels of N'® using nuclear emulsions and 
oxigen gass targets, and found that almost 
all proton emissions in the region before the 
giant resonance (£,<20MeV) accompany 
mainly ground state transitions. Then the 
cross section can be obtained from the proton 
energy spectrum in this low energy region. 

Spicer” found a large photoproton reso- 
nance at Ey=14.7 MeV and concluded, by ob- 
serving the proton angular distribution, that 
this transition must be M1 or £2 absorption. 
Johansson and Forkman?):?) examined the 
proton energy spectra and angular distribu- 
tions using 20.5 MeV and other higher energy 
bremsstrahlung. They found the several 
peaks in the cross section. They estimated 
the types of main transitions using the angu- 


lar distributions and ratios between photo- 
proton and photoneutron yields. According 
to their estimation there exists #1 or M1 
absorption at E,~17 MeV, M1 or E2 absorp- 
tion at E,y~19MeV and £1 absorptions 
around 21 MeV and 23.5 MeV. 

The reaction N'*(p, 70)O'® is considered to 
be the inverse process of O'%(7, p)N* at small- 
er photon energy than about 20 MeV (suffix 
0 denotes the transition to the ground state), 
because almost all photoproton transitions are 
the ground state transitions in these energy 
regions. Schardt et al.'” observed a large 
resonance at Hy=1.05 MeV which correspond- 
ed to the level of O'% at 13.09MeV (/J=1-, 
T=1). Wilkinson et al.‘ examined the ( p, 70) 
resonance up to Hy,»=4MeV. Excepting the 
1.05 MeV resonance, they found no pronounced 
resonance. This result is inconsistent with 
the existence of a large resonance at Ey= 
14.7 MeV in Spicer’s data. Tanner et al.’” 
observed the cross section of (pf, 70) in the 
proton energy region between about 4 MeV 
and 8MeV. They found the peaks of cross 
section at 5.6 MeV and 7.4 MeV which were 
in good agreement with the photoproton re- 
sults®?)”.9, In the giant resonance region 
Cohen et al.'?) observed the cross section of 
(p,70) and found that this cross section 
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agreed with the cross section of ground state 
transition of photoprotons?):”.”)., 

Elliott and Flowers‘) calculated the pro- 
perties of the odd parity states of O'* which 
might be considered to arise from the con- 
figurations pd and p-'!2s. The calculation 
was performed in the intermediate coupling 
scheme including the spin-orbit splittings of 
the p andd shells. According to their calcu- 
lations five levels of ,/=1-, T=1 appear at 
13.1, 17.3, 20.4, 22.6 and 25.2 MeV having the 
electric dipole widths 0.06, 0.14, 0.02, 12 and 
5.8keV respectively. Some of these energy 
levels are in fairly good agreement with the 
photoproton experimental data. The 22.6 and 
25.2 MeV levels correspond to the giant reso- 
nance. 

A large peak of the observed (7, p) cross 
section below the giant resonance corresponds 
to the 17.3 MeV level. According to the re- 
sults of Johansson et al. the absorption for 
Mi. The experimental angular distribution 
this level is £1 or corresponds to the d wave 
emission or s wave emission of photoproton 
for E1 or M1 absorption respectively. Elliott 
and Flowers’ calculation shows that the 17.3 
MeV level corresponds to the p-'d state and 
agrees with the experimental angular distri- 
bution if the absorption is E1. However, 
according to the comparison made by Johans- 
son et al. between the cross sections of (7, 7) 
and (7, p), the assumption of d wave emission 
does not seem to be reasonable. On the other 
hand, Weisskopf!®) suggests that the photon 
absorption below the giant resonance may be 
M1 absorption. We see from these discus- 
sions that the property of the 17.3 MeV level 
is not clear. The 13.1 MeV level predicted 
by Elliott and Flowers’ calculation was not 
found in photodisintegration, but this level 
has been observed in N!*( p, 70)O"* reaction :1»), 

In general, the multipole order in photo- 
disintegration can be estimated by the polar 
angular distribution of emitted particles, but 
the parity of multipole can not be estimated 
by this distribution only. Agodi!® calculated 
the effect of photon polarization on nuclear 
photoeffect. The polar angular distribution 
of the emitted particles in the photoreaction 
induced by unpolarized photon and the azi- 
muthal angular distribution in a plane ortho- 
gonal to the incident polarized photon beam 
may be expressed as follows respectively, 
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I(0)=Np(do+ a2 Cos? 9) (1) 
F(¢)=Na(1+ Pao cos 26) (2) 


where P is the ratio of the intensity of polar- 
ized photons to the total photons and ¢ de- 
notes the emission angle from the direction. 
of the electric vector of photons on the plane 
orthogonal to the beam. According to his 
calculation, if a single multipole is responsible 
for the transition, the relations between Eq- 
(1) and Eq. (2) are as follows, 

«3 


ao =( perk ae for dipole transition 
ao 


Oi 


for quadrupole transition (4 )) 
ao 


where o is defined as zero for magnetic and 
1 for electric multipoles. Owing to these re- 
sults, the absolute value of the ratio of a to 
d2/a) exibits a large difference for dipole and 
quadrupole transitions and the sign of a» rela- 
tive to a:/ao distinguishes the electric multi- 
pole transition from the magnetic one when 
the multipole order is known. The maxima 
and minima in the azimuthal angular distri- 
bution are interchanged in each case. 

The linear polarization effect of bremsstrah- 
lung produced by electrons in MeV region 
has been studied recently'”-?». According to: 
the theoretical calculation the largest polari- 
zation appears at the characteristic emission. 
angle, 9=mc?/Ey, where m is the electron 
rest mass and E> is the electron total energy. 
The degree of polarization of the 17MeV 
photons in the 20.5MeV bremsstrahlung is. 
theoretically estimated to be about 10%. 

The azimuthal angular distribution of 17 
MeV photoproton groups from O'* caused by 
the polarized 20.5MeV bremsstrahlung may 
give the more detailed properties of this level 
if it is combined with the polar angular distri- 
bution of the experiment of Johansson et al.” 


§ 2. Experimental Procedure and Apparatus. 


The degree of polarization of bremsstrah- 
lung is strongly dependent on the photon emis- 
sion angle. The multiple scattering of elec- 
trons in the target, the oscillation and the 
beam cross section of circulating electrons in 
the betatron doughnut affect the photon emis- 
sion angle and will reduce the degree of polari- 
zation. In order to reduce these effects, a thin 
Al target (2.5mg/cm?) of 1mmx5mm was 
used and the beam stopper (Pt 1.5mm thick) 
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was placed at 15mm from the stable orbit 
near the opposite to the target. The expander 
Current was chosen as small as possible, and 
the cross section and the oscillation amplitude 
of the electron orbit were measured by auto- 
radiography of induced activity on a thin Cu 
target. The best position of the target was 
determined for the same condition as shown 
an ref. 25. 
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Fig. 1. Experimental arrangement showing A- 
betatron doughnut, B-bremsstrahlung target (Al 
2.5mg/cm? thick), C-electron gun and beam 
stopper, D-direction of the center of bremsstrah- 
lung, E-monitor, F-lead collimator, G-lead shield, 
H-sweep magnet, I-concrete wall, J-nuclear 
plates. 
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Fig. 2. The angular distribution of the brems- 
strahlung. Full line: experimental result. 


Broaken line: theoretical curve. The direction 
of the irradiation beam is shown by an arrow. 


Table I. Exposure data. 


O%(7, p)N'5 by Polarized Bremsstrahlung 


1843; 


After these preliminaly experiments, D.O 
soaked, H2O soaked and unsoaked plates 
mounted on thin watertight bakelite holders 
were irradiated simultaneously by the 20.5 
MeV bremsstrahlung at the characteristic 
angle as shown in Fig. 1. Each plate was. 
1” x1” in size cut froma 1’ x3” Ilford C2. 
200 # thick nuclear plate. 

The effects of multiple scattering of elec- 
trons in the target, the oscillation and the 
cross section of the incident electron beam. 
were examined by the cngular distribution. 
of the bremsstrahlung with Fuji Type 80 X- 
ray film. The results of photometric obser- 
vation of the angular distribution of brems- 
strahlung and the determination of the angle 
between the direction of the beam center and 
that irradiating the plates are shown in Fig. 
2. The theoretical curve for a very thin 
target was calculated by the simple formula?® 


F(@)=1/(14+ (4o8/mc?)}? . 


This was also shown in the same figure. The 
deviation of the experimental result from the 
theoretical curve is not so large. 

The irradiation dose was measured by a 
Victoreen chamber embedded in a small cube 
of Lucite which was calibrated by the chamber 
at the center of a 10cm cube of Lucite. The 
experimental dose value may have large error 
owing to large back ground. The plates were 
developed by an amidole developer, pH. of 
which was adjusted with HCl in order to 
minimize fogging. Tiyoda binocular micro- 
scope was used for the scanning at a multi- 
plication of 601.5 x10. 

The range of protons was determined by 
measuring the projected length of the tracks 
on the plane of the emulsion and their depth 
corrected for the schrinkage factor. The 
latter was determined by measuring the thick- 


Betatron energy (MeV) 
Roentgens at plates (7) 
Emulsion type 


20.5 
3.6 
Ilford C-2 200» 


D.O soaked plate HzO soaked plate Non-soaked plate 


Impregnation in unit volume of emulsion (g/cm#) 
Aria scanned (cm?) 
Observed proton number 


1.84 2.17 | 


0.656 1.49 1.60 
1407 i 1197 379 
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ness of emulsion after soaking with a micro- 
meter and measuring the thickness after 
development by the microscope. For the 
range-energy relations of D:O and H:O0 soaked 
emulsions, the table calculated by Krohn and 
‘Schrader®”) was used. 

The data of exposure are given in Table I. 


‘$3. Experimental Results and Discussions 


a) Polarization of 20.5 MeV bremsstrahlung 

The relation between the energy of the 
photoproton from deuteron (£») and the inci- 
dent photon energy (k) are given by 
ee) Se 

5 + y/ TE bcos 0 ; 
where « is the threshold energy of deuteron 
photodisintegration, 9 is the emission angle 
of photoprotons, and ™ is the proton mass. 
‘The proton spectra expressed by the photon 
energy using Eq. (5) and the azimuthal angu- 
lar distributions for several energy groups are 
shown in Figs. 3 and 4 for D2O and H:O soaked 
plates. In these figures the number of protons 
in the H:O soaked plate is normalized to the 
same number of oxigen atoms as in the D.O 
soaked plate. H:0O soaked plate is used for 
the back ground subtraction for the deuteron 
photodisintegration. The glancing angle of 
the observed protons is between 45°. Under 
such condition of observation, the difference 


(9) 


/Dpe= 


0 ) 
0 30 60 90 


60 <Er< 8,0 (MeV) 


O 
0 30 60 90 
40s Er< 6,0 (MeV) 


Fig. 4. 
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Azimuthal angular distributions in D,O and H,O soaked plates. 
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Fig. 3. Energy spectra of photoprotons from D,O 


and H,O soaked plates. The abscissa is calcu- 
lated photon energy using Eq. (1) assuming that 
all the photoprotons come from deuteron photo- 
disintegration. The proton number from the 
H,0 plate is normalized to the same number of 
oxigen atoms as in the D,O soaked plate. The 
full line and the broaken one are the results of 
D,O and H,O soaked plates respectively. 
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the H,O plate is normalized to the same number of oxigen atoms as in the D,O soaked plate. 
Open and closed circles are the results by D,O and H,O soaked plates respectively. 
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of the thickness of the emulsions affects the 
effective volume of observation. However, 
the thickness is not so different between the 
two emulsions, that the effective volume can 
be assumed to be equal for the two plates. 
The best fitted angular distributions of the 
form a+b sin? ¢ for the H2O soaked plate are 
calculated by the least squares and are sub- 
tracted from the observed angular distribu- 
tions by the DO soaked plate. Using the 
subtracted angular distribution, the best fitted 
angular distributions of photoprotons from 
deuteron. are calculated as in H:O soaked 
plate. 
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Fig. 5. Energy dependence of polarization % of 
20.5 MeV bremsstrahlung. The solid curve isa 
calculated one using the Gluckstern and Hull’s 
equation. The broaken curve shows a normalized 
one with the experimental point. 


The polarization of the bremsstrahlung is 
calculated by these angular distributions as- 
suming the F1 transition for the deuteron 
photodisintegration. In Fig. 5, the photon 
energy dependence of polarization of 20.5 
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spectrum of photoproton emitted from O', 
the back ground protons must be subtracted 


from the proton spectrum of the H:O soaked. 
plate. 
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Fig. 6. Observed photoproton energy spectra for 
the H,O soaked and unsoaked plates. Full line: 
for the H.,O soaked plates. Broaken line: for 
the unsoaked plates. The shaded parts show 
the protons with the glancing angle between 
45° and 60° in plus and minus. 


If we denote by WN the total proton tracks 


in the unit area of emulsion for all directions, 


MeV bremsstrahlung is given from the results 
shown in Fig. 4. The calculated curve by 
Gluckstern and Hull!® and also the normalized 
curve best fitting the experimental points are 
shown in the figure. 


b) Photoprotons from O'% 

The observed photoproton energy spectra 
for the HzO soaked and unsoaked plates are 
shown in Fig. 6. The glancing angle of the 
observed protons is between +60° or £45". 

The photoprotons in the H:O soaked emulsion 
involve the back ground protons emitted from 
nuclei other than O'*. In order to obtain the 


and denote by 2 those in =£45° of glancing 
angle, N is proportional to ” 


N= TH. 
f will be a function related to the thickness 
of emulsion at exposure, proton energy and 


polar angular distribution. If the last is de- 
noted by A(1+Bcos?@), f is given by 
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D 
hen —<cos45°, 
whe R 


where D and R are the thickness of the 
emulsion and proton range respectively. 
and mv’ are assumed to be decomposed as n= 
Mtn and n’=nm'+n,’ for H:O soaked and 
unsoaked plates respectively, where oxigen 
and back ground are denoted by the suffixes 
0 and7b. Denoting the f function for m, m, 
No’, Nv by fo, fo, fo, fo’, the following rela- 
tions are obtained for each plate, 


foN=fo(motno)=fono+ fo fom» 


fo’ N’ =fo' (mo +no')=fo'No’ + - letln = 
b 


420 


400 


YIELD 
3 


b 
[e) 


RELATIVE 


20 


4 6 8 10 \2 

PROTON ENERGY (MeV) 

Fig. 7. The proton energy spectra corrected for 
the emulsion thickness and the back ground 
spectrum to be subtracted. Full line hystogram: 
for the H,O soaked plate; broaken line hysto- 
gram: for the unsoaked plate; full curve: 
spectra of back ground to be subtracted (F'N,); 
ibroaken curve: spectra of back ground (N;,). 
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The number of atoms which emitt the back 
ground protons is equal in the same area of 
the two emulsions because these two plates 
are cut out from the one plate, and therefore 
the total number of back ground protons in 
each plate is the same i.e. fomo=fo'mr’=No. 
According to Johansson et al.’s result” of 
angular distributions, B is assumed to be 
—7/9, 0.6 for the region of proton energy 
4.4-5.0 MeV, 6.2-7.3 MeV respectively, and 0 
for other regions. These of B values are con- 
tinued smoothly. We assume B=0O for the 
back ground protons. Using these values, 
fo/fp and fo’/f,’ are calculated. These ratios 
are nearly equal and can be equated to the 
mean value F in each proton energy within 
the error of 1.5%. Considering the relations 
mentioned above, a method of subtraction is 
obtained as follows 
f.N-F Nv =fono 
fo’ N’ —F-No=fo' no’ ; 

where foo and fo’%0’ show the total proton 
number from oxigen in the two plates. Actu- 
ally, the observed two proton spectra Fig. 6 


were normalized to the same area, multi- 
plied by fo and fo’ and subtracted the same 
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Fig. 8. Cross section of 0167, »)N‘5 assuming that 
all proton transitions are those to the ground 
state of N'%. The hystogram is the present re- 
sult and the curves are the calculated cross 
sections from the experimental (p, 7o) cross sec- 
tion using the detailed balance theorem. 
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‘spectra (F'N,) to give the same shape of sub- 
tracted results. In Fig. 7, foN, fo’N’, FNo, 
and N, are shown. After subtraction, fom is 
‘considered to be the photoproton spectrum 
trom, O18, 

The cross section of O'%(7, p) was then ob- 
tained and the results are shown in Fig. 8. 
‘The energy on the abscissa is given by Ey= 
12.11+(17/16)E>. The proton spectrum and 
the cross section are in fairly good agreement 
with the results of Johansson et al. except 
the region lower than 14MeV of photon 
energy. In this energy region, almost all 
transitions are those to the ground state of 
N', and the (7, p) cross section can be calcu- 
lated by the experimental ()~, 70) cross section 
using the detailed balance theorem. The 
cross section obtained by such a calculation 
is also shown in Fig. 8. The agreement in 
the shape between the two cross sections is 
good. The absolute values of the present 
experimental cross section are smaller than 
the calculated one. In the present experi- 
ment, however, the energy resolution is lower 
than the others and the error in the value of 
dose is probably large. 

The peak at 14.8 MeV of photon energy has 
never been observed in N!*(p, 70)O'*. Spicer”? 
found a strong peak at 14.7 MeV in (7, p) 
reaction. In the results of Johansson et al.” 
a small peak was found corresponding to this 


O'%(7, p)N* by Polarized Bremsstrahlung 
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present case and that of Johansson et al. a 
peak may be expected by the transition from 
resonances at about 20 MeV to the excited 
level at 5.3MeV in N'. This may be in- 
cluded in the peak at 14.8MeV. The exami- 
nation using the lower energy bremsstrahlung 
would be desirable for more complete study. 

The azimuthal angular distributions of pro- 
tons with the glancing angle smaller than 
60° are shown in Fig. 9 for both H»O soaked 
and unsoaked plates. The errors in the figure 
are only the statistical ones. The angular 
distributions after subtraction of the back 
ground fit the form A+S#sin?¢ using the 
least squares. The results are shown in 
Table II together with other values. 

The theoretical azimuthal angular distri- 


(e) 
Oo 30 60 90 
6.2 <Eps 72 (Mev) 


° 

O 30 60 90 
4.4<Ep<5.6 (MeV) 
AZIMUTHAL ANGLE (¢,DEGREES) 


° 
© 30 60 90 
2<Ep< 30(MeV) 


(e} 
0 30 6 90 
O8<Ep<2(™eVv) 


Fig. 9. Azimuthal angular distributions of pro- 
tons in several energy regions. Open circles 


energy in the photoproton spectrum caused show the results in H,O soaked plate. Closed 
by 20.5 MeV bremsstrahlung. In both of the circles are for the back ground plate. 
Table II. Results of the azimuthal angular distributions of photoprotons from O'. 
Ey (MeV) 0.8-2.0 | 2.0-3.0 4.4-5.6 6.2-7.3 
a0 =A2/a0* | 0 | —0.091 | —0.78 0.6 
By (MeV) ~13.3 ~14.8 ~17.3 ~19.1 
eee Gayton. | 16 12 6 1 
Calculation data Fl 0 1.1 i —06 
. 0 ait 2h7 0.6 
Pay x 102 2 peze ete = 
H2 0 0.2 Ono 0.02 
Malena aoe Ce ST SiMy 
Experimental PaoX102 | —6.4+46.0 6.5+9.0 Panta lh | 14423 
results ; ‘ ‘ % f 


* Obtained by ref. 7. 
+ Present data of polarization. 


The polar and azimuthal angular distributions are represented as follows: 


1(6)=Np(ao+a2 cos? 6) , 


F(¢)=Na(+ Pay cos 26) . 
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butions were calculated using Eqs. (1)-(4). 
In these calculations the results of the polar 
angular distributions obtained by Johansson 
et al.” and the polarization degrees obtained 
in the present experiment were used. For 
the proton group of 0.8< E»<2 MeV, the polar 
angular distribution has not been observed in 
O'*(7, p)N*, but it was estimated by the 
angular distribution of radiation in N?*(p, 7o) 
O'* reaction’ .!").28) which was measured to be 
isotropic within about 10%. This (p, 70) re- 
sult was used in the present calculation. The 
angular distributions are nearly isotropic and 
are of no use to determine the parity of 
multipolarity except for the region of 4.4< 
Ey<5.6 MeV. For the proton group 4.4<E>» 
<5.6 MeV which corresponded to the transi- 
tion induced by photon around 17.5 MeV, the 
asymmetry of the azimuthal angular distri- 
bution was observed though the experimental 
error was large. The sign of the assymetry 
shows that the transition is El as shown 
in Table II when £1 or M1 transition is 
possible”. 

According to Elliott and Flowers’ calcula- 
tion, the levels having J=1-, T=1 below 20.5 
MeV which correspond to the peaks of £1 
transition are expected at 13.1 and 17.3 MeV. 
These energies are in good agreement with 
the present result. For the 13.1 MeV level 
the present result can not determine the 
multipolarity of transition, but the experi- 
mental result of angular distribution of gam- 
ma rays in N'*p, 70)O'® 1”.1»).28) shows that it 
is a Strong E1 transition!®).1").8),29 Wilkinson 
et al.‘ suggested that this state of O'® was 
well described as p-!2s and probably contained 
less than 3% in intensity of p-'d. These 
facts are in good agreement with Elliott and 
Flowers’ result. For the 17.3 MeV level, the 
present result suggests it is caused by Fl 
transition, and therefore the polar angular 
distribution of the results of Johansson et al. 
shows that the proton emission from the 17.3 
MeV level of O'8 is d-wave”, so that the 
configuration of this level is mainly p-'d 
which is in good agreement with Elliott and 
Flowers’ result. Thus Elliott and Flowers’ 
calculation gives a good interpretation of the 
F 1 transition in photodisintegration of O'°. 
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Kimura for his interest and encouragement 
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Angular distributions for the N1'4(d, p)N!* ground state reaction were 
studied at the deuteron energies of 15.2 and 13.8 MeV, and were com- 
pared with the angular distributions for the C12(a, »)N'® ground state 
reaction at such alpha-particle energies that the compound nucleus 0!6 
would be produced at the same excitation energies as would be produced 
by the bombardment of N‘ with deuteron of the above energies. Similar 
comparisons between the two reactions were made by using the available 
experimental results including our previous results. It is seen that the 
N14(d, p)N1 ground state reaction proceeds mainly via the stripping pro- 
cess at deuteron energies above 8 MeV showing no appreciable change of 
the angular distribution with deuteron energy, though the angular distri- 
bution for the C12(a, p)N15 ground state reaction shows critical energy 


dependence in the corresponding energy range. 


$1. Introduction 

Previously, some ‘of the authors!) reported 
the angular distributions for the N‘*(d, p)N” 
ground state reaction at the deuteron energies 
of 16.2 and 16.7MeV. The results are com- 
pared with the deuteron stripping theory and 
it is also pointed out that these angular dis- 
tributions are quite similar to those for the 
C2(a, p)N® ground state reaction?) at such 
bombarding alpha-particle energies that the 
compound nucleus 0'¢ will be produced at the 
same excitation energies as will be produced 
by the bombardment of N' with deuteron of 
the above energies. In order to see whether 
the correspondence between the two reactions 
with regard to the compound nucleus 0% is 
accidental, the N'*(d, p)N“ ground state reac- 
tion was studied at lower deuteron energies 
corresponding to the alpha-particle energies 
where the critical energy dependence of the 
angular distribution for the C*#(a, p)!* ground 
state reaction is reported”. 

The deuteron beam was accelerated with 
the cyclotron of the Institute for Nuclear 
Study at University of Tokyo. The experi- 


mental arrangements of the slit system, 
scattering chamber and particle detectors 
were the same as those used in the previous 
experiment. As the target, melamine 
(CsHeNe) of 1.63 mg/cm? in thickness evapo- 
rated onto the silver foil was used, instead 
of nitrogen gas filled in the gas cell which 
had been used in the previous experiment. 
Two sets of scintillation counter, composed 
of C,I(Tl) crystal of 2mm in thickness, were 
mounted at 180° to each other on the turn 
table in the scattering chamber, and the 
measurements were done simultaneously at 
two opposite directions to the deuteron beam. 
The values of the differential cross sections 
at 90° in the laboratory system obtained with 
the two counters at each deuteron energy 
agreed reasonably each other showing that 
the error due to the geometrical arrangement 
was sufficiently small. A monitor counter 


of similar construction was set at 55° to the 
beam direction. 

The angular distributions for the 
N'4(d, p)N*® ground state reaction in the 


center-of-mass system at different deuteron 
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energies are shown in Fig. 1. In this figure, 
the angular distributions at the deuteron 
energies of 16.7, 16.2, 15.2 and 13.8 MeV are 
the results obtained in our experiments and 
those at the deuteron energies of 11.4 and 
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7.9 MeV are the results obtained by M. Ta- 
keda?) and W. M. Gibson and E. E. Thomas”, 
respectively, and those at 3.2 and 2.5 MeV 
are the results by one of the authors, N. 
Kawai). In Fig. 1, the angular distributions 
for the C'(a, p)N'® ground state reaction, ob- 
tained by I. Nonaka et al.” and M. Takeda”, 
are also shown by dotted curves. The angu- 
lar distributions for the two reactions shown 
together refer to the bombarding deuteron 


‘and alpha-particle energies which correspond 


to nearly the same excitation energy of the 
compound nucleus 0°. 
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IFig. 1. The angular distributions for the 
N4(d, p)N ground state reaction at different 
energies, including the experimental results ob- 
tained by other authors. Dotted curves are the 
angular distributions for the C!2(a, p)N! ground 
state reaction obtained by Nonaka et al.?) and 
Takeda). The solid and dotted curves shown 
together correspond to nearly the same excita- 
tion energy of the compound nucleus 01°. 


Contrary to the expectation described in the 


‘previous paper, the angular distributions for 
-these two reactions become quite different as 


the bombarding energies get lower, parti- 
cularly in the extremely forward and _back- 
-ward directions. It is evident that the 
-N'4(d, p)N'® ground state reaction proceed 
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mainly via the stripping process in the 
energy range of deuteron above 8 MeV. Since 
the compound nucleus process is expected 
generally to have somewhat larger contribu- 
tion to the (a, p) reaction than to the (d, p) 
reaction, the compound nucleus process might 
have some contribution to the critical energy 
dependence of the angular distribution for 
the C#(a, p)N' ground state reaction. It 
seems reasonable, however, that this energy 
dependence of the angular distribution is due 
to an interference effect of some direct pro- 
cesses in view of the high alpha-particle 
energy and high excitation energy of the 
compound nucleus involved. In order to 
understand the remarkable energy dependence 
of the angular distribution for the C!2(a, p)N® 
ground state reaction, it will be significant 
to see whether some correspondence between 
this reaction and the deuteron induced reac- 
tions on N* other than the (d, fp) reaction 
with regard to the compound nucleus 0!* 
exists, in the wide range of deuteron energy, 
as we did about the N'(a, p)N reaction in 
the present work. 
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Fig. 2. The angular distributions for the 
Nd, p)N ground state reaction at different 
deuteron energies. 


In Fig. 2, the angular distributions for the 
N‘4(d, p)N* ground state reaction, shown in 
Fig. 1, are replotted together in order to 
facilitate the comparison. The angular dis- 
tribution at the deuteron energy of 2.6 MeV 
shown in this figure is also the result obtained 
by Kawai. The scale on the ordinate at the 
right side, which refers to the differential 
cross section at the deuteron energy of 7.9 
MeV obtained by Gibson and Thomas”, gives 
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a value larger by two orders of magnitude 
than the scale on the ordinate at the left side, 
which refers to the differential cross sections 
at the other deuteron energies, does. The 
differential cross section at 7.9MeV may be 
erroneous in its estimation. st 

Fig. 3 shows the same angular distributions 
plotted against, instead of the angle @, the 
momentum transfer k defined by 


k=ke+kyp? —2kaky Cos 8 , 


where ka and ky are the amplitudes of the 
wave number vectors of the incoming deuter- 
on and the outgoing proton respectively. The 
plane wave approximation of the stripping 
theory predicts the angular distributions 
which are represented by the square of the 
spherical Bessel function, {j:(kr)}*, multiplied 
by a factor which decreases monotonically 
with the increasing angle and does not depend 
critically on the bombarding deuteron energy. 
Therefore, it is expected that the maxima 
and minima in the angular distributions for 
a certain reaction at different deuteron ener- 
gies occur at the same values of k, if the 
reaction concerned can be well explained by 
the plane wave approximation of the stripping 
theory using the interaction radius, 7, ap- 
proximately independent of the bombarding 
energy. It is noted that the positions of the 
maxima and minima of the angular distribu- 
tions shown in Fig. 3 are more convergent 
to each other than those shown in Fig, 2 are. 
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Fig. 3. The angular distributions for the 


N15(d, p)N15 ground state reaction, plotted against 
the momentum transfer k instead of the reac- 
tion angle. 


This behavior of the angular distribution is 
consistent with the results found in the reac- 
tions C!2(d, p)C® and 0'*(d, p)0! by E. W. 
Hamburger”. 

The values of the interaction radius, which 
were determined by fitting the simple deuter- 
on stripping theory to the experimental 
angular distributions at different deuteron 
energies, are plotted against the deuteron 
energy and are shown in Fig. 4. The inter- 
action radius is approximately independent of 
deuteron energy and tends to get larger as 
deuteron energy decreases. 
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Fig. 4. The values of the interaction radius for 
the N1!4(d, »)N' ground state reaction at different 
deuteron energies, estimated from the experi- 
mental angular distributions using the simple 
deuteron stripping theory. 
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Spectra of protons from the (a, p) reactions on Ti, Cr, Fe, Ni, Cu and 
Zn were measured at the energy of alpha particles near 28 MeV. For Ti 
and Fe the shapes of the spectra and the distributions of the observed 
levels of residual nuclei resemble each other. This is also true for Cr 
and Ni, and for Cu and Zn. 

Angular distributions of the first, the second and the third proton groups 
for Ni, and of the first and the second proton groups for Zn were all 
known to show the direct process type forward peaking. The integrated 
total cross sections of these proton groups are 0.5,(first), 0.49(second) and 
0.72(third) mb for Ni and 0.2,(first) and 0.2,(second) mb for Zn respectively. 


Introduction 


$1. 

A variety of experiments have been per- 
formed by many investigators to implement 
the understanding of the mechanisms of 
medium energy nuclear reactions. On the 
(a, p) reactions most of the experiments are 
studies of angular distributions of protons 
from the reactions. However, sufficient ex- 
perimental informations concerning emission 
spectra will be important for the understand- 
ing of reaction mechanisms. 

Concerning the (a,p) reactions, emission 
spectra have been measured by R. M. Eisberg 
and others at alpha particle energy of 40 
MeV on heavy elements, by W. Swenson and 
N. Cindro®” at 30.5MeV on medium weight 
elements, and by N. O. Lassen and V. A. 
Sidrov®’ at 19.3 to 11.9 MeV on medium weight 
elements. Main purpose of these investiga- 
tions, however, seems to be in studies of level 
density distributions in the residual nuclei. 

In the (a, p) reactions of medium energy it 
is certain from the studies of angular distri- 
butions of protons that there are considerable 
contributions from the direct process type 
reaction mechanisms. We tried to measure 
the emission spectra of protons from the 
(a, P) reactions on medium weight nuclei in 
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the forward directions where the direct pro- 
cess type reaction will predominate. It is 
considered that by the above method we can 
obtain some informations on the levels of 
residual nuclei which are strongly excited by 
the (a, p) reactions. 


§2. Experimental Procedures 


The experimental arrangements and _ pro- 
cedures are the same as those in our previous 
experiments”), The external alpha particle 
beam of 28.4MeV from the I.N.S. variable 
energy cyclotron was brought into the 100 
cm scattering chamber and the emitted pro- 
tons were detected by a thin Nal(T1) scintil- 
lation counter located in the _ scattering 
chamber. The energy scales of the detected 
protons were determined by making use of 
the known energy values of the recoil protons 
which were originated from the moisture 
contamination on the surfaces of target foils. 

The targets used were foils of natural 
elements of Ti, Cr, Fe, Ni, Cu and Zn which 
were 1.21, 3.5, 2.06, 2.31, 3.45 and 4.58 mg/cm? 
thick respectively. They were set to make 
an angle of 45° to the beam direction. The 
energy values of alpha particles in the cen- 
tres of the targets were between 28.0 and 
28.3 MeV according as the thickness of each 
target foil. 

The spectra were measured at angles of 11° 
and 30° for Ti, Cr, Fe and Cu. For Ni and 
Zn, measurements were performed at several 
angles and the angular distributions of the 
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first, the second and the third proton groups 
were obtained. 


§3. Results and Discussions 


In Fig. 1, the proton spectra at 30° (lab.) 
expressed as (d’a/dw. dQ)cmv.s. Q-value are 
shown. Reaction particles other than protons 
are considered to be not contained in the 
spectra because the aluminium absorber of 
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269 mg/cm? in thickness inserted in front of 
the scintillation counter can stop the elastical- 
ly scattered alpha particles and also the 
deuterons from the (d, aw) reactions which have: 
high negative Q@-values. The (a,np) and 
(a, 2p) reactions have also high negative Q- 
values and have little contributions in the 
observed proton spectra. 
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Fig. 1(b). Spectra of protons at 30°(lab.) from 
aiCr(a, p)2,;Mn and asNi(a, P)ogCu. 
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For 22:Ti and xFe the shapes of spectra re- 
semble each other. This is also true for, 2sCr 
and esNi, and for 2Cu and sZn. Positions 
of the excited levels of residual nuclei meas- 
ured from the lowest ones which are excited 
by the (a, p) reactions are shown in Kio 2 
The distributions of the observed levels have 
good correspondence between the above men- 
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tioned pairs of reactions, »:Ti(a,p)2sV and 
2Fe(a, p)2:Co, osCr(a@, p)esMn and 2sNi(a, p)2»Cu, 
2Cu(a, p)soZn and soZn(a, p)siGa. 

The targets were of natural elements. but 
in the cases of Ti, Cr and Fe the reactions 
might be considered to be produced by the 
single isotopes 22Ti*®, osCr°? and 2Fe* respec- 
tively, because other isotopes have abundances 
smaller than 10 per cent. In the cases of Ni, 
Cu and Zn, however, the reactions might not 
be considered to be produced by single iso- 


(MeV ) 


Ist 


NP OMe lil ©) ee One Onno 


Distance above the 


-- = mop y group 


22Ti 24Cr e6Fe2sNi soZn Target 
23V esMn 27CozCu aGa Residual 
30Zn nuclei 


Fig. 2. Positions of levels excited by the (a, p) 
reactions measured from the first proton groups. 


In some cases, Q-value of the lowest ob- 
served level does not coincide with that of 
the ground state of the residual nucleus 
calculated from known mass values® which is 
indicated as Qo in Fig. 1. Especially, in the 
cases of Ni and Cu targets these discrepancies 
are considered to be greater than the experi- 
mental errors (~0.3 MeV), so we must con- 
clude that the ground states are difficult to 
be produced by the (a, p) reactions in these 
cases. N. O. Lassen and V. A. Sidrov®) also 
found that the ground state of s0.Zn®* was not 
produced by the 29Cu®*(a, p)soZn®* reaction in 
the region of alpha particle energies between 
11.9 and 19.3 MeV. 
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If we consider the (a, p) reaction to proceed 
through stripping of the incident alpha .parti- 
cle into a proton and a triton as J. L. 
Yntema") does in the case of the (a, ¢) reac- 
tion, then the states of residual nucleus which 
are strongly excited by the (a, p) reaction will 
be those which are nearly expressed by a 
system of the target nucleus plus a triton. 
The level structures shown in Fig. 2 are con- 
sidered to show the distributions of such 
states in the residual nuclei. The reason why 
the distributions of these levels should have 
the characters shown in Fig. 2 is not known 
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Fig. 3(a). Angular distributions of the proton 
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in the present states of theoretical considera- 
tion. 

The angular distributions of the first, the 
second and the third proton groups for Ni, 
and of the first and the second proton groups 
for Zn were all known to show the direct 
process type forward peaking which has 
negligibly small differential cross sections at 
angles greater than 90° as shown in Fig. 3. 

Total cross sections of these proton groups 
were obtained by integrating the angular 
distributions and the results are shown in 
Table I. 


. 


Table I. Integrated total cross section. 


Total cross section (mb) 


Target Ha (MeV) First Third 
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An Nal(T1) scintillation spectrometer was used to study the resonant 


scattering of photons generated by the bremsstrahlung x-rays. 


The 


resonant levels were found at 10.2 and 9.3 MeV in Mg and at 11.3 MeV 
in Si. Their level widths were obtained by the self absoption method. 
They are 3.8eV and 0.9eV in Mg, and 8.3eV in Si, respectively. The 
spins and parities of these levels were assigned to be 1+ by considering 


the isotopic spin multiplets. 


$1. Introduction 

The resonant scattering of photons has 
‘been studied in the energy region below the 
particle thresholds using bremsstrahlung or 
gamma rays from nuclear reactions. Very 
few reports are available concerning the 
reaction of this kind using bremsstrahlung 
x-rays, because the cross sections averaged 
over the energy are rather small as compared 
with the electronic cross sections and the 
continuous spectrum of bremsstrahlung makes 
very troublesome background. Although the 
measurement is difficult, it is interesting to 
investigate the properties of the nuclei when 
irradiated by the photons. Such a kind of 
experiment may give information on the 
energies, widths, spins and parities of the 
levels. On the other hand, the experiment 
at the energies around the particle thresholds 
may give the relation between the phenomena 
of gamma-ray scattering by the discrete 
levels and by the continuous region. 

Broad peaks in the elastic scattering cross 
‘section around the particle threshold energies 
were found and have been explained as those 
corresponding to the lower part of the giant 
resonance.”) These broad resonances in light 
nuclei are composed of several isolated levels 
and have a magnetic dipole character, but in 
heavier nuclei it is not clear whether they 
are divided into isolated levels, nor is it known 
what type of the electromagnetic interaction 
they have. 

The experiments of this kind have been 
done for some light nuclei using the brems- 
strahlung x-rays.?-?) They are 3.56 MeV level 
in Li®, 4.46 MeV and 5.03MeV in B", 15.1 
MeV in C2, 10.15MeV in Mg and 11.4 MeV 
ane sis 


y-rays from Fp, ay)0#® were also used to 
take a survey of the averaged character of 
resonant elastic scattering on several tens of 
elements at the energies of about 6 or 7 
MeV.® 

The purpose of the present report is to 
clarify some of the problems mentioned above. 
Recently Tobin reported the resonant scatter- 
ing by Mg and Si.” The present results do 
not agree very well with his results and we 
shall discuss the discrepancies between his 
results and ours and also the problems which 
he did not mention. 


Siti 


The experiment was performed using the 
bremsstrahlung x-rays from the platinum 
target in a 25 MeV betatron whose repetition 
rate is 50 cycles per second. Produced x-rays 
were defined by iron and lead collimators and 
electrons in the beam were swept away by 
a sweep magnet set in a tunnel in the shield- 
ing wall which consisted of heavy concrete 
and water saturated with boric acid. Blocks 
made of lead, iron or paraffin were used to 
avoid the neutron and x-ray background. 
Then the x-ray beam brought into the next 
room hit the scatterer which was located in 
front of the detector. The distance between 
the platinum target and the scatterer was 
about 4 meters. The x-ray beam had a dia- 
meter of 4.0cm at the scatterer and was 
hardened by a graphite absorber of 5.65 g/cm? 
in thickness which was directly attached to 
the front of the collimator. 

The beam intensities were monitored by 
the thin walled transmission ionization 
chamber with electrodes composed of seven 
aluminum foils 30 in thickness and 10cm 


Experimental arrangement 
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in diameter. The current fed by the ioni- 
zation chamber was measured by a vibrating 
reed electrometer and was recorded. 

A scattered photon detector was an 8” x8” 
Nal(Tl) crystal viewed by three photomulti- 
pliers (Du Mont 6363). The crystal, the photo- 
multipliers and a cathode follower were all 
located in the lead shield with walls 15cm 
thick in the side of the betatron room and 
10cm thick in other sides, surrounded with 
blocks made of paraffin and a mixture of 
boric acid and paraffin. f 

The detector was placed at 120 degrees 
from the incident beam direction and sub- 
tended the solid angle of 0.108 ster. through 
a hole 15cm long tapered toward the center 
of the scatterer in a lead collimater which 
was located in front of the detector. The 
hole was filled with alluminum plug 5cm 
thick and covered with a 4cm thick paraffin 
plate in order to filter out soft x-rays and 
electrons. The front surface of the Nal 
detector was 40 cm distant from the scatterer. 

The width of the primary x-rays was 
broadened to about 20 y sec. to diminish the 
pile up effect. The pulses from the cathode 
follower were amplified by a somewhat fast 
dipole amplifier and were analysed by a 30 
channel pluse height analyser. The amplifier 
was biased to discriminate small pulses caused 
by low energy photons and other processes. 
The pulse height analyser was operated for 
about 40 » sec. in each betatron cycle simul- 
taneously with betatron pulses to reduce the 
cosmic ray background. 

Stability of the electronic detecting circuits 
was monitored at every three hours by 
1.28 MeV monochromatic 7-rays of Na??. The 
scatterer and the absorber of Mg were metal 
plates. The thickness was 1.74cm and 1.54 
cm respectively, and the diameter was 9.0 
cm in both cases. In the case of Si, metal 
powder contained in thin walled cans made 
of aluminum, 10cm in diameter and 2cm 
thick as a scatterer and 8.0cm in diameter 
and 2cm thick as an absorber, were used. 

Each scatterer was situated so that the 
direction normal to the surface of the scat- 
terer might divide equally the angle between 
the direction of the incident beam and that 
of the axis of the Nal(T1) crystal. Each ab- 
sorber was placed in the incident beam at 
50cm forward the scatterer. The position of 
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the absober will be called “the absorber po- 
sition” in the following: sections. The ex- 
perimental arrangement is shown in Fig. 1. 
The place marked by a broken line is “ the 
absorber position ”. 
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Fig. 1. The arrangement of the apparatus. The 
place marked by the broken line is “the ab- 
sorber position” used in the self absorption 
measurements. 
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The thickness of Mg and Si scatterers used 
was 3.03 g/cm? and 2.20 g/cm? respectively, 
as shown in Table I. 

The spectra of photons scattered from the 
targets were measured when these are 
bombarded with the bremsstrahlung x-rays. 
The betatron energy was set to be 16.0 MeV, 
since the bremsstrahlung of this maximum. 
energy has photons enough to excite nuclei 
to about 10 MeV without giving much back- 
ground x-rays to the detector. The measured 
spectra are shown in Figs. 2 and 3 by the 
solid lines. 


Experimental procedure 


Table I. Thickness of the scatterer 
and the absorber. 
Miickness oF that Thieineceter 
Element scatterer used | absorber used 
Mg 3.03 g/cm? | 2.84 g/cm? 
Si 2.20 g/cm? 


2.26 g/cm? 


In the spectrum of Mg, a large broad peak 
was found at about 10 MeV and two small 
peaks at about 8 and 6MeV. The peak at 
10 MeV was divided into two photon groups. 
which corresponded to 10.2 MeV and 9.3 MeV 
levels, and the existence of this splitting was. 
verified by the excitation yield curve as shown 
later. It was not determined exactly whether 
the peak at 8MeV was due to another reso- 
nant level or occured from other processes. 
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The last one around 6 MeV was identified to 
be the photons of neutron capture process in 
lead, because it was found even in the 
measurement in which the gating pulses were 
delayed to exclude the photons induced by 
the scattering process. 
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Fig. 2. The spectra of the scattered photons from 
the Mg scatterer. The solid line is the spectra 
measured without the Mg absorber and the 
broken line with the absorber. They are all 
normalized to the unit charge of the ionization 
chamber. 
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In the spectrum of Si, a large peak was. 
found at about 11MeV and a small one at. 
about 10 MeV. 

Setting the absorber between the scatterer 
and the monitor, the scattered photon spectra. 
were measured by the same procedure and. 
at the same maximum energy of the brems- 
strahlung as that without the absorber. The: 
thickness of the absorbers was 2.84 g/cm? in. 
Mg and 2.26 g/cm? in Si. The spectra were: 
shown by broken lines in Figs. 2 and 3. It: 
was clear that the photons corresponding to 
the main peaks were considerably reduced by 
the absorber in both elements, since the 
photons to be scattered were seriously ab- 
sorbed into the same level of the absorber. 

Excitation curves were studied to determine: 
more definitely the energies of the levels. 
Fig. 4 shows the excitation curve of Mg 
measured by changing the maximum energy 
of the bremsstrahlung at intervals of 0.33 MeV 
and 0.50MeV. At each energy the counts 
from 6th to 27th channel were summed to 
get the yields and normalized to the unit 
charge fed by the ionization chamber. These 
channels can involve photons of 7MeV ta 
14 MeV. 
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Fig. 4. The yield curve for Mg. The count at 


each bombarding energy of the incident brems- 
strahlung was normalized to the unit charge 
from the monitor. The vertical lines show the 
statistical errors. 


The caliblation of the maximum energy of 
the bremsstrahlung x-rays was made by 
measuring the resonant scattering of photons 
by 15.1MeV level in C? and the threshold 
energy of Cu®*(y7, ) reaction, 10.8 MeV. Ac- 
tivities of Cu®® were detected by a G-M 
counter. There were two clear breaks at 
9,3 MeV and 10.2MeV. Comparing with the 
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scattered photon spectra shown in Fig. 2, it 
was found that both breaks correspond to the 
broad peak at about 10MeV. The ‘break 
corresponding to 8 MeV peak was not obtained 
in the yield curve measurement, because of 
relatively high background at these lower 
energies. However, the spectrum shows 
clearly that there is a photon group of about 
8MeV. The yield curve was used to estimate 
the ratio of the 9.3 MeV photon group to that 
of 10.2MeV group to be 0.350.08, both 
groups being normalized to a unit number of 
incident photons. This value was used to 
get the ratio of the two level widths, as shown 
in the next sections. 
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Fig. 5. The excitation curve of Si. The upper 


curve was obtained by the counts of lst to 14th 
channel and the lower curve by the counts of 
16th to 24th. 


Fig. 5 shows the excitation curves of Si. 
The lower curve was obtained by the sum 
of counts from 16th to 24th channel normal- 
ized to the unit charge of the monitor and 
it: had a clear break at 11.3MeV. In the 
upper curve, the summed counts from Ist to 
14th channel were plotted to get another 
break at 9.8MeV. Two channel groups can 
contain photons of 6.0 MeV to 10.0 MeV and 
10.5MeV to 13,0MeV, respectively. The 
energies corresponding to these breaks were 
in.agreement with those corresponding to the 
peaks in the spectra shown in Fig. 3. 

_To obtain the level widths by the self ab- 
sorption measurement, the ratio of the photon 
yields without the absorber to the yields with 
the absorber in the absorber position must be 
estimated from the spectra shown in Fig. 2 
and Fig. 3. 
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In the case of Mg the ratio A(4)/A(0) was 
given by 


een =0,67 , 


where A(4) and A(0) were yields with and 
without the absorber and the suffix implies 
the levels involved, i.e. 10.2 MeV and 9.3 MeV 
levels. The yield could not be separated into 
each level. 

The ratio for the case of Si was estimated 


as 
Ge ~0.60 
A(0) (11.3) 


for 11.3 MeV level. 


§4. Calculation 
When the scatterer was set in front of the 
detecter and the absorber in the absorber 
position, the yield of photons by a single 
resonant level is given by 
ee ee Os 
x [L—e7 ont 270) 4 7/008 B] J F F (ol ) 


where 4; absorber thickness in cm, 7; scat- 
terer thickness in cm, N; number of the 
atoms per unit volume of the target and the 
absorber, 8; the angle between the incident 
beam and the normal to the front face of the 
scatterer, ®(£); bremsstrahlung spectrum, as; 
elastic scattering cross section of photon, on; 
nuclear absorption cross section, o.; electronic 
absorption cross section, and g; other factors 
which do not depend on energy, for example, 
geometrical factor. 

Assuming that ®(F) and o are constant in 
the energy interval where o; and on are not 
zero but have the finite values, we get a 
more convenient form as 


Ee I nt%) 4N 


e7ontNn 


re ee OY) can ee ed 
A(4)=g0(E)e-%e pene 

M4 [1—e-nt2%0)N7/cos8 1 F f (Os) 
Though the level widths are broadened to 
several tens of eV by the Doppler effect 
caused by the lattice oscillation in the target 
metal, this effect is not so serious as to 
invalidate the approximation of taking 
D(E)e-%e4* out of the integrand in (> gltthe 
measurement with and without the absorber 
is performed by the bremsstrahlung of the 
Same maximum energy, the yield ratio of the 
former case to the latter is given by 
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AA) 
A(O) © 
Os 


a 5. one + 26¢ 


ern In [ i @7(Int27—)NT/cosB] q 


{1 —e-(Tnt27%—)N T/eosB | Fy 


hare 
On + 26¢ 
(3) 
since (EF), o and g have the same values in 
both cases. Provided that os has the same 
shape as ox, but differs only in magnitude, 

the ratio is rewritten as 

A(4) pan (A) 
er%edN — =) 4 
A(0) I(0) (ie 


where 


I(4) =a On e-Tn AN] — e-(Fnt2%—)NT/c088 | Fe 


On + 20¢ 

and J(0) is the value without the absorber. 
An absorption cross section is expressed using 
the Doppler width, 6, and the total level width 
at half maximum, J’, as 

it ce g—(x—y)?/ At 
2V at bee 1+y? 
where on°® is the peak value of the total 
absorption cross section, t=(6/l)?, and x= 
2QE-—Eo)/T.» 6 is given by 6=Eo(2kT/Mc?)'/? 
where E» is the resonant energy, M/ the mass 
of the target nucleus, k the Boltzman constant, 
c the velocity of light and JT the effective 
temperature in the sample. 

When the values, A(4) and A(0), are 
measured separately at each resonant level 
and op°® is known, the level width, /’, can be 
determined by comparing the experimental 
value of {A(4)/A(O)} exp (a4N) with I(4)/I(0) 
given by the numerical calculation in (4). It 
is not easy to obtain the level widths when 
A(0) and A(4) are not separated into each 
level in experiments, as it appeared in the 
case of Mg. When two levels of widths, /1 
and I’:, contribute, the yields are given by 
A(4)=Ai(4)+ Ax(4) and A(0)=A:(0)+ A2(0) . 
If o-(EHo1) nearly equals to o-(Fo:), 

AA) oo, an [(4) + I2(4) ®(Eo2)/P(Eo1) 

AO) LL) +420) ®(Eo2)/P(Eo1) ’ 
where @®(Eo:) and @®(Eo2) are the photon 
fluxes in the unit energy interval at the 
resonant levels. The level widths J’: and J’: 
can be obtained by calculating the right hand 
side of (6) with adequate pairs of J: and J’, 
which are allowed by the ratios estimated 
from the excitation curves, and by comparing 


ay <>45) 


On=O0n° 


(6) 
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with the experimental values in the left hand 
side. 

In calculation it was assumed that all of 
the absorption processes of x-rays are dipole,. 
i.e. on°=6zk2 and that the resonant levels. 
decay only to the ground state and the 
isotopes which contribute to these resonances. 
are Mg*‘ and Si?®. The discussion on these 
assumptions will be given later. 

In the case of Mg there are three levels. 
as mentioned in the last section, i.e. at 10.2’ 
MeV, 9.3MeV and at about 8MeV. Since 
A(0)’s corresponding to 10.2 MeV and 9.3 MeV 
were not separated because of the poor reso- 
lution of the detector, the yield ratio of two: 
photon groups, A» 3(0)/Ato 2(0) was determined. 
using the excitation curve in Fig. 4. From 
this ratio the relation between J’53 and I’10 = 
were calculated by 

Ag _3(0) : (10.2) e: To 3(O) (7) 

A1o.2(0) (9.3) Tio.2(0) ’ 
where suffixes 9.3 and 10.2 in A(O) denote: 
the energies of the levels. The resultant 
relation between #?=6/I5s and f¥?,=06/I'10 2 
is shown in Fig. 6, in which the solid line is. 
the ratio and the broken lines are the limits. 
of the statistical errors. 

Finally 75 and J10.2 were given by sub- 
stituting J(0) and J(4) calculated for the 
allowed pairs of J’5s and J’1 2 into the right 
hand side of (6) and by comparing with the 


Vtioz 
Fig. 6. Relation between ¢1/,= and otse 
; T10.2 " 
=). The broken lines are the limits of 
9.3 


the statistical errors. 
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experimental values (in the left hand side). 
This procedure is shown in Fig. 7. In the 
figure the curve is the calculated value of 
Tho 2(4) + Is .3(4)O(9.3)/O(10.2) ; 
Te WOE RL GOB/Odo2y” MANBS UE LO! 
the 5s and I’s2 given by Fig. 6 and the 
horizontal bar crossing the curve shows the 
experimental value of 

Ga) ore" =0.71, 

A(0) /(10.2+9.8) 

‘The level widths, J’10.2 and /’s.s, were deter- 
mined to be 3.8*}:2 eV and 0.9 eV respectively. 
‘The width for 8 MeV level was approximately 


T T 


Lio2(A)+ To3 (A) (9.3)/B(10.2 ) 
Tio2(0) +193(0) B(9.3)/B(10.2) 


vty 2 : 
Tyo 24) + Ip s(4)O(9.3)/(10.2) 
Tyo .2(0)+ Ip.3(0)O(9.3)/O(10.2) 


calculated by using the values of t!/2,=0/T102 


Fig. 7. The curve is 


and t1/2—§/I'y 3 given in Fig. 6. The horizontal 


bar is the experimental value, 
{ A(4) | 
wt) Jette fos 


egesN = 00 1e. 


Table II. 
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estimated to be 0.9eV from the spectra in 
Fig. 2 by 

AsO), 62h io. 
Ao 2(0) 62k; 


where X10 2 and %s are the wavelength of 10.2 
MeV and 8MeV photons. The errors were 
estimated only for the statistical fluctuations. 

In the case of Si, the width for 11.3MeV 
state was easily calculated by (4), to be 8.3 
+2.5eV, since the spectra in Fig. 3 were 
separated into two photon groups which be- 
long to 11.3MeV and 9.8MeV levels. The 
width of 9.8 MeV level was found by using 
the ratio of this level to 11.3MeV photon 


P's=P10.2° (8) 


| 2 3 


I(A) / I(O) 


0.70 


0.65 


0.60 


2 3 
vP 


Fig. 8. The curve is [(4)/I(0) vs. Vt . The 
horizontal bar shows the experimental value, 
f A) ie 
LACED een eh 


The energies of levels found in the present experiment, the Doppler widths and the 


peak absorption cross sections used to calculate the level widths, and the resultant level 


widths. 


The level widths shown in blacket in the last column are Tobin’s data”). 


| : | Peak absorption 
Element | vevMey) mop se | cross aie ti/2 Level width 
| (b) ce) 
| 10.2 16.0 TAL Ge Ae SESe 
| 
Me | | (4.804% 
| 9.3 14.5 86.2 18 0.9 
| 8. 117 0.5 
| aes 17.5 | 58.4 b 2,122.0 65.54 8.342.5 
Si | | | 
(2.897 5°8) 
| 9.8 Tid, 0.9 
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‘group in the sameway as in Mg. These re- 
‘sults are listed in the 6th column in Table II. 


$5. Discussion 


The isotope abundance and the particle 
threshold energies were considered in order 
to determine which isotope made the dominant 
‘contribution to the resonant scattering in the 
‘present experiment. A single level of higher 
energy than the particle threshold hardly 
‘scatters photons, since the particle emission 
predominates over photon scattering. Thus, 
the isotopes which have the particle threshold 
energies lower than the photon energies of 
interest need not be considered. Isotopes of 
little abundance are also excluded in this 
experiment. 

In the calculation of the level widths the 
‘type of the photon absorption was assumed 
to be dipole, and the excited states were 
assigned to decay only to the ground states 
by electromagnetic transition. In the measure- 
ments the cascade gamma rays have chances 
to occur through the first excited state of 
Mg” or Si®®, since these states are of 2* in 
both elements. If the cascade takes place, 
the energy of such photons should be about 
& MeV for Mg** and 10 MeV for Si?*. In the 
case of Si, the gamma-rays of about 9.8 MeV 
were detected in the scattered photon spectra, 
but they were identified as the photons 
decaying from a 9.8MeV resonant level to 
the ground state by analysing the spectra 
and the excitation curves. The circumstances 
are somewhat complicated in the case of the 
8&MeV gamma-rays of Mg*%. We can not 
exclude the possibility of cascade decay since 
the excitation curve was not measured at the 
energies around 8MeV. However, the exis- 
tence of the 8 MeV level was assigned con- 
sidering the fact that most of the states of 
various elements excited by photon absorption 
hardly decay in cascade. 

Another assumption was that the excited 
states do not emit alpha particles. If these 
levels were assigned to T=1 as shown later, 
this assumption is acceptable since 7=1 
states do not decompose into two T=0 parti- 
cles. The forbiddenness of the alpha particle 
emission was found in the excited state of 
15.1MeV in C”. The same circumstances 
seem to occur in Mg and Si. 

The angular momenta of the photons which 
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Table III. The isotope abundance and 
the particle threshold energies. 


Particle threshold 


Element Abundance ae, : af 
(%) (7; Dp) (7,2) 

Meg?4 78.60 11.69 MeV 16.56 MeV 
Mg?5 10.11 12.06 oS 
Mg?6 11.29 14.03 Usb adlit 
Si28 92.18 11.59 17.20 
Si29 AS TAN 12.34 8.47 
10.61 


Si? Ba LL 
excited the nuclei to these weak levels were 
not determined in the present experiment, 
and so there is no clear evidence for the 
dipole transition. Therefore, the levels of 
8MeV in Mg* and 9.8MeV in Si?? may be 
of 1+, 1- or 2+. Tobin recently reported that 
breaks in his excitation curves corresponding 
to the present ones at 9.3MeV in Mg and 
9.8 MeV in Si were made by neutron emiss- 
ion from Mg?*(7, ~)Mg*t and Si?°(7, 7)Si28 re- 
actions respectively, but the present experi- 
ment found that his arguments were not true, 
by measuring the capture photon spectra 
caused by the neutrons in the targets and the 
enviroments of the detector. 

The level width of the present experiment 
agrees with Tobin’s in Mg”. In Si®* there 
is a large discrepancy between his value and 
the present one, i.e. the latter is about three 
times as large as the former. 

The parities of the highly excited states, 
11.3 MeV in Si?® and 10.2 and 9.3 MeV states 
in Mg*, were not determined experimentally. 
However, there are important evidences that 
these levels are 1* and the transitions between 
these levels and the ground state are caused 
by magnetic dipole. If the isotopic spin 
multiplet theory is applicable to these levels 
and the 9.3 MeV level in Si?* is the lowest 
T=1 level, a 1* level corresponding to the 
1.37 MeV 1* level in Al?8'? must appear at 
the excitation energy of about 11 MeV in Si’. 
In the same reason two 1+ levels may occur 
around 10 MeV in Mg* corresponding to 0.47 
and 1.34 MeV 1+ levels in Na?!. The interval 
of the two levels is 0.9MeV in both Mg"! 
and Na%*. The 8 MeV level of Mg** can not 
be explained along the same line at present. 

The level schemes which help to understand 
these discussions are shown in Fig. 9 and 
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Fig. 10. According to a discussion about the 
magnetic dipole transition in a self conjugate 
nucleus,!”) these identifications of the transi- 
tions have more solid foundation, since the 
isotopic spin selection rule reduces the M1 
transition strengths between levels with the 
same 7. 


MeV 


/ 
Gr AAR he! 
if) 
ee 


/ 

/ 

MeV, / 
2.14 / Hi 
(4+) 1.63 if / 
iid = | 
(0') 0.97 / 

2* 0.03! / 


pee! 
3 aa 22 


46| 


O giz 


Fig. 9. Correspondence between the levels in 
Si28 and Al’. 


It seems interesting that the strong resonant 
absorptions just below particle thresholds are 
made by magnetic dipole in most of elements 
studied by measurements similar to the present 
one. The 15.1 MeV state of C!”, 3.56 MeV 
state of Li® and 4.46MeV state of B" are 
also excited by Ml. Regarding the isotopic 
spins, all transitions were induced between 
T=1 excited states and T=0 ground states 
in even-even nuclei. 

The excitation energies of the lowest T=1, 
J“=1* levels seem to decrease with mass 
number systematically in light elements com- 
posed of alpha particles, such as Be®, C2, O!8, 
Ne”*, Mg, Si?® and S%2. Such a level has 
not been found for O"* so far. It is difficult 
to observe the level of O'% by the photon 
scattering, since the excitation energy is 
higher than the particle threshold. In the 
case of Ne®® the level whose energy is about 
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11 MeV and is lower than the particle threshold 
has not been found, but it will be measured 
by this scattering method if the target is 
available. 


(4") 14.0 ai?* 
/ 
DP 4 
MeV / 
ILZ NEP 
/ 
/ 
if 
aaa yi) 
1 95 eh 
————— * 
¥ 193 
/ / oo. 
MeV if 
\+ 1.34 lf 
(2)056_// 
Tse 0472 / 
5514 
Nec” 
et 4.24 
44122 
5+ 1.368 
ot 
O Mg* 


Fig. 10. Correspondence between the levels in 
Me?s and Na?+ . 


The elastic scattering cross sections of 
photons were measured at the energies 5 to. 
14 MeV in many elements.”2) The cross sections, 
have a broad peak around 8 to 10 MeV with. 
a few exceptions. Those peaks are probably 
composed of several sharp resonance levels. 
in lighter elements, and also in heavier 
elements they will have the same structure, 
although the actual measurement could not: 
resolve the fine structure. It may be possible 
to suggest that these broad resonance peaks. 
just below the particle threshold consist of 
an assembly of levels induced by magnetic 
dipole processes. It was also noted by- 
Weisskopf that the electric dipole absorption 
is depressed by correlation of nucleons at the. 
lower energies and M1 becomes important. 
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The effect of the impurity core on the mobility of charge carriers in 
heavily doped Ge is investigated by analyzing the role the core plays in 


the process of ionized impurity scattering. 


It is concluded, in agreement 


with experiments, that at the same doping level the electron mobility in 
an Sb-doped Ge crystal should be larger than in an As-doped Ge crystal. 
The dependence of the mobility ratio on the electron concentration is 
also investigated and found to be due to changes in the screening of the 


impurity ions. 


§1. Introduction 

Recent measurements!) on the electron 
mobility in heavily doped n-type Ge show an 
interesting effect. It has been found that at 
a given electron concentration and compensa- 
tion the electron mobility in the degenerate 
semiconductor depends on the specific nature 
of the dopant. The findings” can be sum- 
marized in two points. 

1. At T=293°K and at electron concentra- 
tions of m=several times 10!8/cc the “(Sb)/z(As) 
mobility ratio, as inferred from the published 
figure’) is between about 1.2 and 1.4. 

2. In the above concentration range the 
w(Sb)/“#(As) ratio is a monotonic function of 
electron concentration and increases a few 
percent with increasing . An extrapolation 
of the measured mobility values towards lower 
electron concentrations shows that the mobility 


ratio asymptotically decreases to unity at 
n~10!8/cc, 


§2. Theory 

For these findings the following explanation 
is proposed. 

1. The mobility difference at a given 
electron concentration is due to the difference 
in the total cross section of ionized impurity 
scattering which, in the present case, is as- 
sumed to be the dominant scattering process. 
The difference in the total scattering cross 
section is attributed to the difference in the 
potential of the Sb+ and As* impurity cores. 

2. The concentration dependence of the 
mobility ratio is due to the fact that as the 
electron concentration in a degenerate Ge 
crystal increases the screening of the impurity 
ions by the free electrons becomes more 
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effective. This means a decrease in the 
“range” of the ion potential, which, inturn, 
means that the short range core potential, 
becomes more important. 

In what follows we shall show that the 
above assumptions can lead to an explanation 
of findings 1 and 2. 


1. Mobility Difference at a given Electron 
Concentration. 
In a degenerate Ge sample the electron 
mobility is given by 


(1) 


als, 

a hae CEM, 
where e is the electronic charge, m* is the 
effective mass of the electron, assumed to be 
isotropic for the present purposes, and tr is 
the relaxation time taken simply at the Fermi 
surface as indicated by the suffix F. In the 
the case of ionized impurity scattering the 
relaxation time can be expressed?) as 
oer: eee 
- NivrQr i 
where Ni is the number of scattering ions/cc, 


vr is the velocity of an electron at the Fermi 
surface and Q»r is the total scattering cross 


TK 


(2) 


section of an electron of velocity vr. It fol- 
lows from Eggs. (1) and (2) that 
KSb) _ @r(As*) (3) 
HAS)  Qx(Sb*) ¢ 


Let us assume now that the potential of an 
Sbt ion in the Ge crystal differs from that of 


a> 


SY, 


Vast 


-V 
J 


Fig. 1. Schematic representation of the potential 
energy of an electron as a function of the dis- 
tance from the nucleus of an Sb+ and an Ast 
ion ina Ge crystal. In the 0<r<a@ core region 
the ion potentials are different and in the r>a 
region both approach the same screened Coulomb 
potential, V;. 
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an Ast ion only in the core region” while far 
from the nuclei both potentials approach the 
same screened Coulomb type potential. This 
is shown schematically in Fig. 1, where the 
potential energy of an electron is plotted as 
a function of the distance from the nucleus 
of an Sb+ and an Ast ion. It is assumed 
that the core potentials are such that the 
potential energies of the electron satisfy the 
relation 
(7) = Vast(7)— Vspt(7)<0 . 

The basis for this assumption is the fact that 
in Ge semiconductor the ionization energy of 
an As donor is roughly 30% larger than that 
of an Sb donor». In this case if Vsp+(7) is 
associated with the ground level Esp, described 
by a wave function ¢, then, using first order 
perturbation theory, Vas+(7) leads to an energy 
level Eas=Espt+e, where 


e=|Ipltnav 


Since « is known to be a negative quantity it 
follows that 7 is also negative. 

Using the Born approximation® the scattering 
amplitude for scattering of an electron by an 
Sb*+ ion is given by 


\ sin Kr 
0 


2 * 
PN eee ei) Vert(nrtdr, (4) 
Kr 


h2 


where 

K=2kr sin (38) . C5.) 
In Eq. (5) ke stands for the wave number of 
an electron at the Fermi surface and can be 
determined from 

h? (3n\*87_ h?kr? 
ae 8m* e  8x2m* * 

To determine the sign of fsp+(%) in Eq. (4) 
use is made of the fact that at large distances 
from the impurity nucleus the potential is 
a screened Coulomb potential with screening 
length? R. The screening factor’) depends 
on R as exp(—y7/R) and, for this reason, in 
the integrand of Eq. (4), Vsp+(v) becomes 
very small if r>R. In this case the upper 
limit of integration in Eq. (4) can be replaced 
by R with a good approximation. If Kr is 
smaller than z, then (sin Kr)/Kyr is positive 
from r=0 to r=R. For an n-type Ge crystal 
with an electron concentration of several 
times 10'8/cc it can be shown that Kr=2kprr- 
sin (48)<z for all values of 3. It is seen, now, 
that fsp+(#) is positive since Vsp+(7) is every- 


Tw 
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where negative. 
Knowing the scattering amplitude the total 
scattering cross section is calculated® from 


Q»(Sb*) =2n \"t fso(S)Psindde. (6) 


For an As* ion, using the Vast(7)= Vspt(r) 
+y7(7v) relation one obtains 


fast(®)=f sp+(8)+9(0) , GG) 
where 
hee 822m* ts sin Kr Pave (8) 
he \, Kr * 


One may again replace the upper limit of 
integration by R in Eq. (8) and show by the 
Same arguments as those used in connection 
with Eq. (4) that ¢(#) is a positive quantity 
since 7(7) is everywhere negative. 

The total scattering cross section for scat- 
tering of an electron by an As* ion can now 


be written as 
Qr(Ast)=Q»(Sbt)+qitqe ; (9) 


where 


gi=2e |" Foy ae) Si ih world) 
0 


and 
qo=2n | oor sin vdd , 
0 

are positive quantities. Substituting Eq. (9) 
into Eq. (3) one obtains that 

L(Sb) _ Qitq 

HAs) Q(Sb*) ¢ 
Since both the qg’s and Q» are positive quanti- 


ties, the right hand side of Eq. (11) is larger 
than unity. This explains finding No. 1. 


2. Dependence of the Mobility Ratio on Elec- 
tron Concentration. 
To show why for two different electron 
concentrations m: and mz, where m2>m, the 
relation” 


(11) 


PBL. 


HCAS) In, L CAS) 

exists we rewrite Eq. (12) with the aid of Eq. 
(11) as 

Q,(Sbt, n1) quilt) + qe 

Qer(Sbt, m2)” gi(m2)+qe ~ 
Neglecting the term gz in the above expres- 
sion, since it is quadratic in the correction 
term y, and making use of Eq. (6) and (10) 
one can rewrite Eq. (13) as 


(13) 
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| ‘LFF ened | 
Liferoue sin ode | | ai 


| “Fsni(90(0) af vde | 


Let us consider for the moment only small 
angle scattering, when #0. In this case, 
using the expansion sin (30)~48, Eq. (5) be- 
comes 


Uz) 


Kekypd : 
Similarly, applying the expansion on sin Kr 
sin Kr i 
Kr , 
It follows now from Eqs. (4) and (8) that fsp+ 
and ¢ do not depend on # and, for this reason, 
they can be taken out from under the integral 
sign in Eq. (14). As a result, one obtains 


[fspt(80)}a, Gis Veni(nr'dr| 


[fsp(8>0)Ing (> rab 
[fsb (d O)Iny | Veni(nrrdr| 
‘hy 


0 


(15) 


If one assumes that Vsp+(r)= VSp+(r)+ Vi(r), 
where c and ¢ refer to the core and the 
screened Coulomb tail respectively, then one 
has to focus attention only on the concentra- 
tion dependent term involving V:(7)*. 

In a degenerate semiconductor the screen- 
ing length, R, appearing in the screening 


* Here we wish to make a few remarks about 
the validity of the Born approximation. It follows 
from the previous discussion that in the interval 
a<r<R, Vsv+(7)= Vi(r). One can show that for 
n=several times 1018/cc 


ker<l (A) 
in the above range of yr. In this case the criterion 
for the validity of the Born approximation be- 
comes”) 
eu eat) (B) 

ch? . 
which can also be shown to hold. 

In the range of r>a no conclusion can be drawn 
concerning the validity of the Born approximation 
since the potential is not known in that region. 

In the range of r>R both Eqs. (A) and (B) break 
down and the Born approximation gradually ceases 
to be valid. This region, however, as discussed 
earlier, is of no importance for the present con- 
siderations. 
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factor, exp(—7/R), is given by” 
hr/? 

~~ 31/64 775/8 gy) *1/2 

where « is the dielectric constant of Ge. It 


is seen from Eq. (16) that R(m) is larger than 
R(nz). This makes 


—1/6 
,’ 


(16) 


exp [—7/R(m)]>exp [—7r/R(n2)] . 
Consequently, Vsp+(7) in Eq. (15) is larger at 
m than at m2: which makes the ratio of the 
integrals larger than unity. This explains 
finding No. 2 for the case of small angle 
scattering. For large angle scattering no 
proof could be worked out. 


§ 3. Discussion 


The present work has been based on the 
assumption that at a donor concentration of 
No~10'8/cc the donor ions scatter individually. 
This assumption needs some justification since 
one would expect that at high donor concentra- 
tions the scattering of an electron by a donor 
ion is influenced by the neighboring donors. 
Unfortunately, there is no theory available 
at the present time from which one could 
infer to what degree the picture of individual 
scattering is valid at a particular electron 
concentration. One can only give a plausibi- 
lity argument, for a regular and a random 
donor distribution, which shows that at elect- 
ron concentrations of ~18'*/cc the assumption 
of individual scattering is still a reasonable 
one. 

Let us assume at first that the donor ions 
are distributed regularly in the Ge crystal. 
In this case, denoting the distance between 
two donor ions by 2Rs, one obtains Rs; from 

(42/3)R8&=Nop- . 

If No=10"*/cc, then Rs=62A. At the same 
concentration the screening length, calculated 
from Eq. (16) (assuming m*=0.25m) is 
R=29A. Since Rs>R, the conclusion is drawn 
that in the act of scattering the electron 
“feels” only the scatterer’s potential and is 
practically undisturbed by donor ions surround- 
ing the scatterer. 

The assumption of a regular donor distribu- 
tion in the host crystal is probably too 
idealized, however. If the distribution is 
random then one expects that a fraction of 
the scattering acts will be influenced to various 
degrees by more than one donor ion at a time. 
The question is how large is this fraction for 
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which the picture of individual scattering is 
violated ? Since in the act of a single scat- 
tering the dominant contribution to the total 
scattering cross section comes from a sphere 
of radius R, drawn around the scatterer, it is 
reasonable to assume that the scattering be- 
comes significantly disturbed only when there 
is another donor ion’ nearer than 2R. Sonder 
and Schweinler?) have shown, assuming a 
Poisson distribution, that the probability of 
no neighbors closer than a distance 7 from 
a given donor is 


P=exp[—(r/Rs)*] . 


In the present case one finds, upon sub- 
stitution of r=2R, that P=exp (—0.83)=0.44. 
From this it is concluded that for about 44% 
of the scattering acts the assumption of 
individual scattering is “strongly” valid, 
while for the remaining 56% it is violated to 
a smaller or larger degree. The Poisson dis- 
tribution may or may not correspond to the 
actual donor distribution. Any deviations 
from it might subject the probability P to 
changes. As Sonder and Schweinler remark 
such a deviation may occur because there is 
an electrostatic interaction energy among the 
donor ions. This interaction energy rises 
sharply for small donor-donor separation dis- 
tances and, for this reason, one may assume 
that the distribution is not completely random. 
A favored distribution might be one in which 
the donors tend to be separated as far as pos- 
sible. If this is the case, then P is increased 
which, in turn, means that the picture of 
individual scattering is better than concluded 
from a Poisson type distribution. 

Finally, it should be mentioned that as the 
donor concentration in a Ge crystal increases 
one expects an increasing perturbation on the 
band structure of Ge. This, in other words, 
means that the effective electronic mass, m*, 
should be dependent on electron concentra- 
tion. The arguments in Section II-1 are not 
affected by such an effect since they refer to 
a particular electron concentration, m, and do 
not depend on the actual value of m*. In 
Section II-2 strictly speaking, different electron 
masses should have been used for concentra- 
tions m1 and m2. This, however, has not been 
done because one can always assume that 72 
is only slightly larger than m in which case 
the use of the same electron mass is justified. 


| 
| 
| 
| 
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The question of how large can be the con- 
centration range over which the use of 
a constant electron mass is justified cannot 
be answered at the present time since there 
is no theory available for the concentration 
dependence of the effective mass. 


§ 4. Concluding Remarks 


To arrive at numerical results some specific 
model must be chosen. It can only be done 
if the potentials of the Sb+ and As* ions in 
Ge are known with some reliability at all 
values of ry. The construction of such poten- 
tials is a very complex problem which has 
not been attempted in the present paper. 
Finally, we wish to note that the above con- 
siderations, with appropriate rephrasing, 
should also be valid for the scattering of holes 


Effect of Impurity-Core on Carrier Mobility in Heavily Doped Ge 


1869 


on acceptor ions in a heavily doped degenerate 
p-type Ge crystal. 
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Plastic scintillator plates sandwiched between thin radioactive samples 
were viewed with two photomultipliers and the coincident outputs were 


measured. 


For 8--rays, the pulse-height distributions showed approximately tri- 
angular shapes and the pulse-height endpoints were proportional to their 


maximum energies. 
of ;-rays. 


Similar characteristics were also found in the case 
The counting efficiencies were empirically determined as 


functions of radiation energies in both cases. 

The sandwich scintillators having aluminium, copper or silver foils 
as samples were exposed to 14 Mev neutrons and the induced activities 
of the samples only were counted effectively. Thus the Al*"(n, p), Cue? 
-(n, 2n) and Ag'°(n, 2m) reaction cross sections were obtained with small 


standard deviations. 
Other applications are suggested. 


§1. Introduction 
It is often necessary to know absolutely 
the intensities of very weak activities... An 


example is seen in the measurements of 


neutron induced reaction cross sections by 
activation method. Since the fast neutron 
flux is generally small, one cannot obtain an 
appreciable amount of hot atoms in the ir- 
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radiated sample. If the specific activity of 
the sample is very weak, as much quantity 
of the sample as possible and hence a large 
detector are required for having a good count- 
ing statistics. However, for absolute count- 
ing, this necessitates large corrections for 
the scattering and absorption of radiations 
as well as for the geometrical efficiency. On 
the other hand, it is desirable that the back- 
ground counts of detector are as small as 
possible, which means that the sensitive 
volume of the detector must be small. These 
requirements are inconsistent with each other, 
and the detectors of ordinary types are fre- 
quently inapplicable to the absolute measure- 
ments of weak activities. When the activi- 
ties decay in a short time, the samples and 
detectors applicable will be much more re- 


stricted. 
The activation researches with fast neu- 


trons have been reported by many workers?)-®). 
In all of their experiments ordinary samples, 
detectors and arrangements of them have 
been adopted, and so difficulties have been 
often experienced from complicated correc- 
tions, poor net counts, large background 
counts or inferior geometrical efficiencies. 


Table I. Neutron induced reactions of carbon. 


Reaction Half ie of the @ (we) 
CXn, p)Be 0.02s 12.6 
C2(n, 2n)C! 20.4 m [poeen Gai? 
C2, d)Bt stable —13.7 
C2(m, a)Be? stable — 5.7 
Cin, n')3a | — 7.3 
C87, »)B8 0.035 s —11 
C83, 2n)C2 stable — 5.0 
C8(n, d)Be 0.02s portalig 5 
C14(n, «)Beto 2.5108 y =a 


Plastic scintillators are, for the most part, 
composed of carbon and hydrogen atoms.* 
As will be seen in Table I, the nuclear reac- 
tions of carbon by fast neutrons** are out of 
question so far as one considers the reaction 
products having half lives ranging from few 
seconds to several days. Therefore, if thin 


* The scintillator used is styrene + 1% P.- 
terphenyl + 0.03% POPOP+0.002% zinc stearate. 
This was manufactured by the Polymer Research 
Section of Matsushita Electric Works. 


TOMITA and F. FUKUZAWA (Vol. 16, 


samples and plastic scintillator plates are pil- 
ed up alternately so as to form one block 
and if such a block is irradiated by fast 
neutrons,** only the induced activities of 
the samples would produce scintillations in 
the plastic scintillators after the irradiation. 
They could be counted by conventional elec- 
tronic circuits. 

In the present paper are described the pro- 
perties of such sample sandwiched plastic 
scintillators and their application to neutron 
research. 


§2. Properties of Sandwich Scintillator 


Plastic scintillator plates of 7.5mm x 28mm 
in area and 1 mm in thickness and thin sam- 
ples of the same area were piled up alterna- 
tely so as to form a sandwich block, and they 
were bound tightly with a strip of “ celotape” 
as shown at the upper left in Fig. 1. The 
block thus formed was about 30 mm in height. 

The pulses in the sandwich scintillator were 
detected from the two sides facing to each 
other with two photomultipliers RCA 6342, 
and they were fed to two separate circuits 
composed of amplifiers and pulse-height dis- 
criminators, as shown in Fig. 1. Each cir- 


Pulse Height 
Discri, 


Flip-Flo 
chreue® 


DekKatron Printer DeKatron Printer 


Fig. 1. Sandwich scintillator and block diagram 
of the circuits. 


** The neutron energies must be below the 
threshold energy of the C!2(n, 2n)C!! reaction. 
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cuit was so adjusted as to have the same 
characteristic. Their outputs were counted 
or analysed through a coincidence circuit, its 
resolving time having been chosen as 0.5 4 
‘sec. A clock using a quartz crystal, count 
printers for automatic recording of the decay- 
ing activities and an a-monitor of the T(d, 
n)e& reaction are also shown in the figure. 


(1) Pulse-height Distributions 

At first, papers of 5.1 mg/cm? in thickness, 
weakly activated with Pm", Tl? or Sr%°+ 
Y°° by immersing in an active solution, were 
used as samples. The properties of these 
radioisotopes originally given by Strominger 
et al’ are tabulated in Table II. The typi- 
cal pulse-height distribution in the case of 
Sr++ Y° is ‘shown in Figs2) Av vlItis a 
superposition of two spectra of approximate- 
ly triangular shapes, which correspond to Sr®” 


Table II. Properties of radioisotopes. 


Nuclide | Half life Energy of radiation (Mev) 


| B-: 0.223 (~100%) 
Pm“? 2.64 7: very weak 
B-: 0.764 (98%) 
T1204 3.56 y EC: (2%) 
Sr90 27.7y B-: 0.545 (100%) 
Pap 2204997 ) 
Y0 64.2h 0.53 (~0.02%) 
7: (~0.02%) 
| B-*: 1.00 (51%) 
| | 0.87 (28%) 
te Grades it | 0.60 (21%) 


| y: present 


* The mean energy is 0.88 Mev. 


Counts/ channel 


20 40 


Pulse Height (volts) 


Fig. 2. Pulse-height distributions for Sr90+ Y90 
8--rays and Cs!37 y-rays. The solid circles were 
obtained by analysing the output pluses from 
one amplifier which was gated by the outputs 
above 1 volt from the other amplifier. The 
broken lines show the non-coincident spectra. 
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and Y* f--rays. 

The scintillator having non-radioactive 
white papers as samples (blanck scintillator) 
was exposed to Cs'*" y-rays. The  pulse- 
height distribution is as shown in Fig. 2, B, 
which is also of a nearly triangular shape. 
However, a slight shoulder corresponding to 
the Compton edge is seen in this case, while 
a long tail exists on the higher energy side 
in the case of £--rays. This is attributed to 
the essential difference of the energy spectra 
between Compton electrons and f--rays. 

The tail-end voltages of the pulse-height 
distributions were plotted for Pm'47, T12%, 
Sr® and Y% $--rays as well as for Cs'*” and 
Na” y-rays, taking their maximum energies 
as abscissas. The relation is linear as seen 
in Fig. 3. This shows that the mixing of 
radiations of different energies would be fair- 
ly well known by this detector. 

(2) Counting Efficiencies 

The $--rays emitted from various number 

of piled sheets of Pm'*’, Tl? or Sr%+ Y%- 


Pulse Height Endpoint (volts) 
8 g 


Energy (Mev) 


Fig. 3. Linearity. The maximum energy of the 
Compton electrons is introduced for ;-radiation. 


Specific Activity Se (normalized) 


10 20 30 
Sample Thickness (mg/cm?) 


Fig. 4. Dependence of the apparent specific 
activity on the thickness of sample and the f-- 


energy. 
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active paper were counted by a 4z flow coun- 
ter.* In Fig. 4, the apparent specific activi- 
ties (normalized) are plotted as a function of 
the thickness of sample for each radionuclide. 
Referring to the maximum energies of these 
B-rays, the apparent specific activity vs sam- 
ple thickness curves could be drawn by tak- 
ing maximum f--ray energy as a parameter. 
They are shown by solid lines in the same 
figure. The applicability of this graph to 
indium foils was examined using the In'"*(n, 7) 
-In''6™ reaction by thermal neutrons. The 
experimental values were found to be in 
agreement with the one predicted from 
Table II within the error of 1%. 

Since the total number of electrons emitt- 
ed from each radioactive paper was thus 
known, the counting efficiency of sandwich 
scintillator was easily obtained for given f-- 
rays. The efficiency is given by the ratio of 

, the scintillation counts to the counts of a 4x 
counter obtained with the same _ sample. 


1.0 


< jz yo 
oy << 
¥ Ps 
RK.) 
> 
<4 
® 
2 
ae 05 
he 
py 
c 
) 
22 
SS cer Po! Na2? 
L 


Energy (Mey) 


Fig. 5. Counting efficiencies for #~-- and ;-rays. 
The measurements were done by setting both 
discriminator voltages at 1 volt. 


The results are shown in Fig. 5. The effici- 
encies for Sr and Y® £--rays were estimat- 
ed by measuring the corresponding areas in 
Pigia2 ae 

In some cases it is more convenient to use 
samples in powder form than foil. Powder 
samples are conveniently sandwiched by 
thin backing papers and fixed with ethyl ace- 
tate solution of plastic, although there may 
be some loss of counting probability because 
of the absorption of f$--rays by backing pa- 
pers. In order to examine the effect, ex- 
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periments were done by adding the backing 
papers of 2.6mg/cm*® in thickness to the 
radioactive papers in the sandwich scintilla- 
tor, and the resultant efficiency curve is 
shown in Fig. 5. 

Finally the blanck scintillator was irradiat- 
ed by Cs'*7 and Na” y-rays of known intensi- 
ties. The counting’ probabilities for 0.51**, 
0.67 and 1.27 Mev ;-rays thus obtained are 
also shown in Fig. 5. 

As is well known, the counting efficiencies 
are dependent on the amplifier gains and the 
discriminator voltages. Therefore the stabili- 
ties and characteristics of all circuits were 
carefully tested before each experiment. 


(3) Absolute Counting 

The decay scheme and the radiation ener- 
gies of the activity must be previously known 
for absolute counting by the sandwich scintil- 
lator method. 

The number of true counts of the sample, 
No, is expressed by No=N-/F where Ne is 
that of the coincident net counts. F isa 
correction factor depending on the decay 
scheme, radiation energies and sample thick- 
ness. 

For a simple $--decay, F=SpPs, where Sg 
is the specific activity for the given sample 
thickness and maximum f--ray energy which 
can be read from Fig. 4. Ps is the counting 
efficiency referring to Fig. 5. For B—y 
transition having shorter 7-life than the re- 
solving time of counting circuit, F=1—(1— 
SaPs)(1—P,y) where Py is the counting pro- 
bability for the given y-ray energy. 

In the case of $*-decay, a positron is ac- 
companied by a pair of 0.51 Mev j;-rays 
emitted within or in the neighborhood of the 
scintillator. Therefore, the correction factor 
is given by F=1—(1—SpPs)(1—Py,)?, where Sz 
and Pg are the same quantities as those for 
6--decay. But Py is the counting efficiency 
for 0.51 Mev radiation. 

The correction factor for any complicated 
decay would be likewise derived easily. 


§3. Activation Cross Section Measurements 

The sandwich detectors which had alumi- 
nium, copper or silver foils as samples were 
irradiated by 14.1 Mev neutrons. The neu- 
trons were produced by the 400 KV Cockcroft- 


* The commercially called “« Q.gas 2 “was. ap- 
plied as counting gas. 


** 0.51 Mev j;-radiations are produced sic) the 
annihilation of positron from Na22, 
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Walton type accelerator of the Konan Uni- 
versity using T(d,n)a reaction. The deu- 
teron beam energy was chosen as 170 Kev 
and the sandwich scintillators were arranged 
10cm apart from the tritium target on the 
plane perpendicular to the beam, facing the 
28x30 mm? side of the scintillator to the 
target. A cadmium cover of 1mm in thick- 
ness was used for each scintillator in order 
to filter the probable thermal neutrons. 


Counts/ 20 sec 


(min) 


Fig. 6. Alpha and activity counts in the Cu®(n, 2n) 
and Al?(m, p) reaction experiments. 
A: Cu®(n, 2n)Cus? experiment 
B: AlL(n, p)Mg?? experiment 


Table III. 


Half life of 


Reaction the reaction = : 
product (min) Forbes 
~ AL(n, p)Mg?? 10.00+0.03 (EES) 
Cu%8(n, 2n)Cue 9.90 +0.04 510 +36 
Agi0i(n, 2n)Ag16 2A .5* 560 +56 
* 4] 14.1 


Neutron energy (Mev) 


Sample Sandwiched Plastic Scintillators for Activation Measurements 


1873 


Since the sandwich detector is small, the loss 
or the slowing down effect of the incident 
neutrons can be neglected. 

The neutrons produced were monitored by 
counting the associated a-particles with a 
CsI crystal mounted on a_ photomultiplier 
DuMont 6292. The number of a-counts in 
every given time-interval was recorded 
automatically by two count printers operated 
alternately. The time-signals were taken 
from a precision quartz clock. Therefore 
the fluctuations of neutron intensities were 
easily known. 

After the irradiation, the sandwich scintil- 
lator was arranged as shown in Fig. 1 and 
the coincident outputs were counted and re- 
corded similarly as for the a-counts. A and 
B of Fig. 6 are the data of Cu®(n, 2n)Cu® 
and Al?’(n, p)Mg?’ reaction experiments re- 
spectively. The both decay curves of the 
reaction products, Cu®? and Mg?’, are linear 
on the semi-logarithmic graph. From these 
curves their half lives were obtained as 9.90 
£0.04 min. and 10.00-£0.03 min. respectively. 
The blanck scintillator showed no induced 
activities even after exposed to the neutrons, 
as is expected from Table I. 


Reaction cross sections by 14 Mev neutrons. 


Cross section (mb) 


Paul and Clarke Yasumi Present 


52.449.4 87.2+7.0 85.0+2.8 
482-472 556 +28 458-410 
519** +260 458 +51 537 +15 
14.5 14.1 14.1 (40.2) 


* This value was not obtained in the present experiment because Ag! (7\/,.=2.3 min) of the 
Agim, 2n)Agi8 reaction contributed to the decay of Ag}. 
** Lower limit since only one isomer was observed. 


Some of the present author’s results on 
the activation cross section are shown in 
Table III together with the data of Forbes,” 
Paul and Clarke*) and Yasumi.®) The present 
85.0-+2.8 mb for Al**(n, p)Mg?’ reaction is in 
good accordance with 87.2+7.2mb obtained 
by Yasumi, but other cross sections agree 
better with those of Forbes or Paul and 
Clarke than with Yasumi’s. Especially, the 
authors’ 458-++10 mb for Cu®%(n, 22)Cu® reac- 
tion is quite consistent with the data of 


Ferguson and Thompson,® 378+34mb at 
13.77+0.20 Mev and 507+45mb at 14.74+ 
0.27 Mev. But 889-+-66mb at 14.4+0.3 Mev 
recently obtained by Rayburn” for Ag?” 
-(n, 2n)Ag** reaction differs greatly from the 
present 53715 mb. 


§ 4. Discussions 


The standard deviations of the present re- 
sults in the activation experiments were very 
small. This is due to the facts that a com- 
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paratively large amount of sample—1~2 gr— 
was applied to the detector of so .small 
volume as several cm’ and that the solid 
angle subtended by the sample at the detec- 
tor was nearly equal to 4x. Therefore the 
sandwich scintillator may be said to be one 
of the improved detectors for measuring 
weak activities. Most of the difficulties met 
in ordinary detectors are easily surmounted 
by the sandwich scintillator. 

There is another usefulness of this detec- 
tor. Since the plastic scintillator is mainly 
sensitive to f-rays, the $—y coincidence 
technique would be available if an Nal(T1) 
crystal is brought closely to the sandwich 
detector. Of course each of the two detec- 
tors should be viewed with a photomultiplier 
independently. 

The cross sections of photonuclear reactions 
would be also measurable with this detector. 
As the (7, ~), (7, ”) or (7, a) reaction products 
of carbon nuclei would not disturb the obser- 
vations* just as in the 14 Mev neutron acti- 
vation studies, the activation experiments by 
y-rays could be done more precisely. Fur- 
thermore, its application to the measurements 
of thermal neutron flux in reactor materials 
would be practised. These suggest interest- 


ing developments in the activation analysis 
field. 
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It was found that there exists a new ferromagnetic phase in Cu poor 
Mn-Al-Cu alloy in the composition range of 25 to 45 at % Mn, 37.5 to 


50 at % Al and 12.5 to 25 at% Cu. 


The crystal structure is CsCl type 


and the lattice parameter is 2.984A. This structure is the same as the 
« phase in Mn-Al-Fe system. The magnetic properties may be inter- 
preted in terms of the ferromagnetic structure composed of the Mn 
atoms which occupy two different sublattices. 


§ 1. 


In Mn-Al-Cu system, it has been known 
that there is a ferromagnetic phase corre- 
sponding to the composition of Cu:sMnAl 
which is well known as the Heusler alloy”. 
But the other ferromagnetic phase has not 
yet been observed in this system. 

It was already reported by Tsuboya et al. 
that there is a ferromagnetic phase in Fe 
poor Mn-Al-Fe alloy”. Recently, the similar 
ferromagnetic phase was also found for Mn- 
Al-Cu®, -Ni*) and -Co*) ternary alloys. 

In this paper, the author reports the mag- 
netic and crystallographic natures of the fer- 
romagnetic phase that exists in Cu poor Mn- 
Al-Cu alloy. Their magnetic natures are 
able to be explained by the ferrimagnetism 
originating from an antiferromagnetic inter- 
action between the body center and the cube 
corner Mn atoms in b.c.c. lattice. 


Introduction 


Fig. 1. The composition range of the specimens 
and results of magnetic testing. 
@: ferromagnetic specimens. 
©: non magnetic specimens. 


§ 2. Preparation of Specimens 


The composition range of the specimens 
used in this experiment is indicated in Fig. 1. 
For the preparation of the specimens, the 
electrolytic manganese (99.9%), the electroly- 
tic copper (99.9%) and aluminium (99.99%) 
were mixed in a suitable proportion and 
melted in an alumina crucible with the Tam- 
mann furnace in the atmosphere of air. Then 
they were cast into rods of the size 10mm 
in diameter. The weight of the ingot is 
about 80 to 100 gr corresponding to 2 mols 
for each composition. The cast rods were 
annealed for one hour at 900°C in vacuum to 
remove the segregations, then cooled to room 
temperature at the rate of 150°C/hr. 

It was confirmed by the chemical analysis 
that the deviation of composition of 20 at% 
Cu, 40 at% Mn and 40 at% Al turned out 
to be the final composition of 21.1 at % Cu, 
38.8 at % Mn and 40.1 at% Al. The densi- 
ties of the specimens are about 5.0 to 5.6 
gr/cc. All specimens are very hard and 
brittle, and can be pulverized easily with a 
stampmill. 

It was found by the magnetic testing that 
the specimens indicated by the solid circles 
in Fig. 1 were found to be ferromagnetic, 
and open circles do not show ferromagnetism. 


§3. Crystal Structure 


The crystal structures were determined by 
means of powder method with X-ray diffracto- 
meter. The specimens were crushed with 
the stampmill and were sieved under 100 
mesh for X-ray analysis. 
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The results of X-ray analysis are shown in 
Fig. 2. The structure of two specimens con- 
taining above 50 at% Cu is f.c.c. ordered 
structure known as the Heusler alloy, and 
their lattice parameters are both 5.96 A. This 
value is almost consistent with the data previ- 
ously reported. 


60 80 


(0) 

Mn at. % 

The results of X-ray analysis. 

@: Heusler phase in Cu rich region and the 
« phase in Cu region. 

(: The mixed structure of 8-Mn and Cu,Al, 
phase. 

[|]: The B-Mn phase 

A: Orthorhombic Y-phase. 

The Heusler and « phases are ferromagnetic and 

others are non magnetic. 


All specimens showing ferromagnetism in 
the Cu poor regions have a single cubic phase, 
similarly to the « phase in Mn-—Al-Fe system). 
The crystal structure of this phase will be 
discussed in detail later. The specimens 
having the composition between the « phase 
and the Heusler alloy phase, show the mixed 
structure of the §-Mn and Cu,Al, phases. 
The Cu,Al, phase is pseudo-cubic and nearly 
y-brass like structure”. This mixed phase 
seems to be extended to Mn rich side of the 
« phase. The lattice parameter of this CusAl, 
phase is 8.69 A. The §-Mn phase exists in the 
Cu poor region, and the orthorhombic Y- 
phase® exists above 50 at % Al region. This 
Y-phase seems to be the same structure as 
the € phase or the 7 phase’ for Mn-Al 
system. 

The composition range of the « phase is 
25 to 45 at% Mn, 37.5 to 50 at% Al and 
12.5 to 25 at % Cu, and agrees with that de- 
termined from magnetic measurement. The 
« phase has the body centered cubic super- 
structure of CsCl type (B2 type). Its lattice 
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parameter is 2.984-+0.005 A and does not show 
appreciable dependence on the composition. 

The intensity of the (100) superlattice line 
is changed with a change of Al content, 
and it becomes maximum for 50 at% Al 
specimens and decreases with a decrease of 
Al. Considering the similarity of the X-ray 
scattering factors between Mn and Cu atoms, 
it can be understood that these superstructure 
lines are observed as a result of the ordered 
arrangement of Al, and Mn or Cu. 

It can be qualitatively understood that for 
50 at % Al specimens, Al atoms nearly per- 
fectly occupy the one sort of lattice sites (e. 
g. A site), and Mn and Cu atoms the other 
sort of sites (B site). In the case of less 
than 50 at % Al, the excess Cu or Mn atoms 
are considered to enter into the A sites to- 
gether with the Al atoms. 

The observed X-ray density is nearly equal 
to the value of usually measured density. A 
little discrepancy between these values should 
be expected on account of the existence of 
small holes or cracks in the specimens. 


§ 4. 


Temperature dependence of saturation mag- 
netization, Curie temperature and tempera- 
ture dependence of magnetic susceptibility 
above the Curie temperature were measured. 
The saturation magnetization o and its tem- 
perature dependence above liquid-nitrogen 


Magnetic Measurements 
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the composition of 

(a) 20 at % Cu, 30 at % Mn and 50 at % Al; 

(b) 20 at % Cu, 35 at % Mn and 45 at % Al; 

(c) 20 at % Cu, 40 at % Mn and 40 at % Al, 
respectively. (Hex=13 KOe) 
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temperature were measured by means of the 
ballistic galvanometer and magnetic balance. 

Fig. 3 shows the omi—T curves for the 
specimens with the composition of 20 at % 
Cu, 30, 35 or 40 at % Mn, which are measured 
in the magnetic field of 13kOe. It is seen 
in this graph that the saturation magnetiza- 
tion decreases with an increase in Mn con- 
tent. The extraporated saturation magneti- 
zation (per mol) at 0°K is 2900 gauss for 30 
at % Mn, and 1700 gauss for 40 at% Mn 
(Fig. 4). 


Gauss /mo! 
0 


0 
30 5D 40 45 
at.% Mn 
Fig. 4. Composition dependence of saturation 
magnetization omo: measured for 20 at% Cu 
specimens. 
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(broken 
line) and phase boundary (solid line) of the 
phase in Mn-Al-Cu ternary system. 


Saturation magnetizations omol 


The composition dependence of magnetiza- 
tion, together with the phase boundary of 
the « phase is shown in ternary diagram in 
Fig. 5. The maximum of saturation magneti- 
zation is 3300 gauss for 15 at % Cu, 35 at% 
Mn and 50 at % Al, and its minimum is found 
to be 500 gauss for 25 at% Cu, 37.5 at% 
Mn, and 37.5 at% Al. From these results, 
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it can be concluded that the saturation mag- 
netization is large for Al rich and Cu poor 
region and small for Mn rich and Cu rich 
region. 

The Curie temperature was also measured 
by means of a magnetic balance with a very 
weak field. In general, the Curie temperature 
of « phase is slightly higher than the room 
temperature, and shows an appreciable com- 
position dependence. It is obvious in Fig. 3 
that the Curie temperature for Cu 20 at% 
specimens are low in Mn poor region and 
high in Mn rich. The composition dependence 
is shown in Fig. 6 for 20 at% Cu and in 
Fig. 7 for all ternary system. 
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temperature for 20 at % Cu specimens. 
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The composition dependence of Curie 


The Curie temperature of « phase in 
Mn-Al-Cu ternary system. 
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According to the above results, the rise in 
Curie temperature is not necessarily accom- 
panied with the increase of saturation mag- 
netization. For example, for 20 at% Cu 
specimens, the Curie temperature rises with 
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Fig. 8. The temperature dependence of inverse- 
susceptibility (X;t;—7) for three 20 at % Cu 
specimens. There is a linear relation for 50 
at % Al specimen (a) and nonlinear relations 
for 45 at % Al (b) and 40 at % AI (c). 
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an increase of Mn content, while the satu- 
ration magnetization decreases. As for the 
specimens equally containing Mn and Al, the 
saturation magnetization increases with a de- 
crease of Cu content, but the Curie tempera- 
ture remains constant. 

The temperature dependence of inverse sus- 
ceptibility above Curie temperature (y;},—T) 
was measured by a magnetic balance up to 
800°C. The typical results are shown in Fig. 
8 for three specimens containing 20 at % Cu 
and different Mn contents. It is easily seen 
in Fig. 8, the curve form for 50 at% Al 
specimen is linear, while it is not for 45 and 
40 at% Al. This rule is also valid for any 
Cu content specimens. 

These results suggest us that the interac- 
tion is ferromagnetic for 50 at% Al speci- 
mens, while it is rather ferrimagnetic for 
other specimens. 


(a) Cu20Mn30AI50 
(b) Cul5Mn25 AI 50 


400 500 600 700 800 900 
Temperature °K 


1000 


Fig. 9. xX, —T curve for 50 at% Al, 30 at % 
Mn, 20 at % Cu (a) and 50 at% Al, 35 at% 
Mn, 15 at % Cu (b) specimens respectively. 
The slopes (7.05/6.0) is almost inversely pro- 
portional to the Mn content (7/6). 


Fig. 9 shows the y;',—T relations for 50 
at% Al, 30 at% Mn, 20 at% Cu specimen 
and 50 at% Al, 35 at% Mn, 15 at% Cu 
specimen. Both curves are linear and their 
slopes are almost inversely proportional to the 
Mn contents. 


§5. Discussion 


The experimental results described above 
suggest that the magnetic natures of « phase 
are due to the ferrimagnetism originated in 
the antiferromagnetic interaction between Mn 
atoms. Generally, the magnetic interaction 
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between Mn atoms is considered to be anti- 
ferromagnetic if the distance between near- 
est-neighbour Mn atoms is shorter than about 
2.8 A, and be ferromagnetic if the distance is 
larger than about 2.94... The atomic dis- 
tance between the nearest Mn atoms is about 
2.54A for these alloy, it can be assumed that 
the interaction between them is antiferro- 
magnetic. 

As for the atomic arrangement, it is con- 
sidered that, for the specimens containing 50 
at% Al in which the most intense super- 
structure line is observed, one sublattice is 
perfectly occupied by Al atoms and the other 
sublattice is occupied by Cu and Mn atoms, 
whereas for the specimens containing Al less 
than 50 at % in which the superstructure line 
is less intense, it is supposed that some of 
the Mn atoms occupy one sublattice together 
with the Al atoms, while Cu and the remain- 
ing Mn atoms occupy the other. 

According to the above considerations, the 
following assumptions are proposed to explain 
the experimental results: 

(1) All Al atoms and a part of Mn atoms 
occupy the body center site (A site): i.e. 
NaitNiin=50, where Na: is the content of Al 
atoms and Ny, that of Mn atoms in the A 
sites. 

(2) All Cu atoms and residual Mn atoms 
occupy the cube corner site (B site): i.e. 
Nout Nxin=50, where Now is the content of 
Cu atoms and Ni the content of Mn atoms 
in the B sites. (Nita-+ Naa= Nun). 

(3) The sign of the exchange interaction 
between Mn atoms in different sites is nega- 
tive. Then, the magnetic moments of Mn 
atoms in different sites point antiparallel to 
each other. As the distance between nearest- 
neighbour A and B site is 2.54 A, this assump- 
tion will be reasonable. 

(4) The sign of the exchange interaction 
between Mn atoms in the same sites is posi- 
tive. Then. the magnetic moments of Mn 
atoms in the same site point parallel. As 
the distance between each A site is 2.984, 
this assumption will be also reasonable. 

(5) The Curie temperature is mainly deter- 
mined by the number of nearest-neighbour 
Mn pairs between A and B sites (A-B inter- 
action) and that between B sites (B-B inter- 
action). The effect of Mn pairs in A sites 
is neglected, because the concentration of Mn 
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atoms in A sites is relatively small. 

From these assumptions, following three 
conclusions can be deduced. 

(a) The saturation magnetization is pro- 
portional to the difference in the number of 
Mn atoms between A and B sites: 


B A 
Omo1 & | Nun — Notal = |Nai—Neou| 


(b) The temperature dependence of inverse 
susceptibility is linear for the specimens con- 
taining 50 at % Al, while is not linear for 
other specimens. This result is interpreted 
as follows. For the specimens containing 50 
at % Al, all A sites are occupied by Al atoms, 
or Nywt,—0. Consequently, there is no anti- 
ferromagnetic interaction between Mn atoms. 
In other specimens, however, a part of Mn 
atoms always occupy A site. Then there 
must be some antiferromagnetic interaction 
between Mn atoms in A and B sites, so that 
x 1—T curves deviates from linear relations. 

(c) The composition dependence of Curie 
temperature must be as follows: 

i) For the specimens containing constant 
Cu content, the Curie temperature should rise 
with an increase of Mn. 

ii) For the specimens containing constant 
Al content, the Curie temperature should fall 
with an increase of Cu. 

iii) For the specimens containing constant 
Mn content, the Curie temperature should 
fall with an increase of Al. 

In the first case, since Nin must have the 
constant value, the Mn atoms exceeding this 
value replace the Al atoms in A site, then 
the number of A-B interaction bonds between 
Mn atoms increases so that the Curie tem- 
perature should be increased by this process. 
In the second case, however, Mn atoms in B 
sites are replaced by the increased Cu atoms, 
then B-B and A-B interactions between Mn 
atoms should be decreased and the Curie 
temperature is expected to fall. In third 
case, with an increase of Al, Mn atoms in 
A site are transferred to B site, then the 
number of A-B interaction bonds between 
Mn atoms decreases, but that of B-B inter- 
action increases. The contributions of these 
interactions to the Curie temperature are op- 
posite to each other. But assuming that the 
A-B interaction is more effective than B-B 
interaction, the Curie temperature is expected 
to fall with an increase of Al content. 
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These conclusions of (a) to (c) satisfactorily 
agree with the experimental results. Fig. 10 
shows the observed saturation magnetization 
(per mol) as a function of (Nai—Neu). The 
curve in this figure seems to be almost linear, 
supporting the conclusion (a). 


5 10 158 20. 25 30 35 40 
(Al- Cu) at. % 
Fig. 10. The relation between saturation magneti- 
zation (per mol) omo1 and (Nai— Nou) (at %). 


The conclusion (b) agrees with the experi- 
mental results on the temperature dependence 
of inverse susceptibility. The composition 
dependence of the Curie temperature that is 
mentioned in the conclusion (c) also agrees 
with the experimental results in Fig. 5. 

The magnetic moment per Mn atom which 
is calculated along the line in the above con- 
sideration from the slope of Fig. 10 is 1.7 ps. 
It is, however, observed that this value shows 
slight dependence on the composition, detailed 
discussion of which is difficult at the present 
stage. 


$6. Summary 


It has been believed that there is only a 
ferromagnetic phase, the so-called Heusler 
alloy with composition of CuzMnAl in Cu-Mn 
-Al alloy. Besides the Heusler alloy, how- 
ever, there is a new ferromagnetic phase, 
the « phase, in the composition range of 25 
to 45 at % Mn, 37.5 to 50 at % Al and 12.5 to 
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25 at% Cu. The crystal structure of this 
phase is CsCl type and its lattice parameter 
is 2.984 A. Its magnetic natures are inter- 
preted in terms of the ferrimagnetism origi- 
nating from the uncompensated magnetic 
moment in the antiferromagnetic interaction 
between body center and cube corner Mn 
atoms. Further studies for « phase in Mn- 
AI-Ni or Mn-AlI-Co systems will be reported 
later. 
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Magnetic and Electric Properties of Chalcopyrite 
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The torque of a natural single crystal of chalcopyrite in a uniform 
magnetic field is measured. At room temperature and liquid nitrogen 
temperature the torque of a disc parallel to (110)-plane shows two-fold 


symmetry and the easy direction is [110]. 

The temperature dependence of the torque is also measured. The tor- 
que vanishes at 550°C. Two principal susceptibilities parallel and per- 
pendicular to c-axis, X/; and %,, are calculated from the torque and the 
powder susceptibility. 

The conductivity, the Hall coefficient and their temperature dependences 
and the thermoelectric power are also measured. Their behaviours are 
those of typical semiconductors. Hall mobility and thermoelectric power 
are rather large, although chalcopyrite contains transition element, Fe, 
in its chemical foumula. The crystal structure, the electronic states of 
constituent elements, magnetic and electric properties are considered 
together, and it is concluded that the 3d-shell in this material is independ- 
ent of the valence bond which consists of sp? bond. 


$1. Intreduction 


Chalcopyrite which has a chemical formula, 
CuFeS:, has been known as a semiconductor 
with its rectifying property. 

As typical valence semiconductors Ge and 
Si and some metallic compounds are investi- 
gated in detail but for semiconducting 
compounds, especially three components com- 
pounds, there is few investigations. How- 
ever, chalcopyrite is a very interesting 
semiconductor, since it contains’ typical 
magnetic ion, Fe, as a component. 

Crystal structure and the atomic distribution 
in the crystal have been examined by many 
investigators” .®, Two ways of atomic ar- 
rangement had been presented. However, 
Donnay et al.*) recently determined atomic 
arrangement by neutron diffraction which was 
just the same as that determined by Pauling 
and Brockhouse”. According to their investi- 
gation each metal is surrounded by sulphur 
and each sulphur by metal tetrahedrally. It 
has been reported by Hiller and Probsthain*® 
that there is a transition at about 550°C, 
below which the crystal structure is an 
ordered arrangement of Cu and Fe, and above 
which the calcium fluoride structure is 
realized. The latter is considered to be 
disordered chalcopyrite structure. Pauling 
and Brockhouse suggested the ionic valency 
state of cations in this crystal. They con- 


sidered that chalcopyrite was a mixture with 
two ionic states, Cut Fet++ S: and Cut+ Fet+ 
Se, from the consideration of lattice constants 
and ionic radii of cations. By an experiment 
of X-ray K-absorption spectrum in chalcopy- 
rite, at least two valency states, monovalent 
and divalent, of copper were supposed by 
Kurylenko®). But there has not been clarified 
the relation between this ionic state and 
physical properties, especially electric and 
magnetic properties. Many compounds, 
which have the same crystal structure with 
chalcopyrite are known®. These have the 
general formula, ABX: where A represents 


_monovalent ion Ag* or Cu* and B is trivalent 


ion Al*+, Ga®+, In’+ or T1?+ and X is S?-, Se?- 
or in some cases Te?-. 

Their optical and electric properties were 
examined by some investigators?”-!. Con- 
sidering together these experimental results 
with the electronegativities of the constituent 
elements and crystal structure, Goodman” 
proposed that these compounds with chalcopy- 
rite structure are typical semiconductors. It 
will not be able to decide easily whether the 
same consideration is allowed to chalcopyrite 
itself because it contains transition element, 
Fe. Austin et al.®) observed also the infrared 
absorption and the Hall effect of a natural 
crystal of chalcopyrite and obtained 0.5eV 
as the energy gap and 30 cm/?/volt-sec as the 
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mobility of positive holes. As far as they 
observed the optical and electrical properties 
there was not remarkable difference between 
chalcopyrite and the other compounds with 
chalcopyrite type structure which do not 
contain transition element. Boltaks and 
Tarnovskii!” measured the temperature de- 
pendence of electric conductivity and thermo- 
electric power above room temperature on 
both natural and synthetic specimens of 
chalcopyrite. Above about 300°C the con- 
ductivity increased with the increase of tem- 
perature and the activation energy 0.2~0.6 
eV was obtained. They also examined the 
rectifying property and found that it was 
much improved under a certain condition of 
surface etching. The thermoelectric power 
was very large and 200~300vV/deg. was 
obtained at room temperature. 

About the magnetic properties, Donnay ef 
al.®) carried out a neutron diffraction experi- 
ment. Their interest was mainly confined to 
the symmetry consideration on magnetic 
structure and chalcopyrite was taken up as 
an example in order to examine whether their 
symmetry consideration was applicable. 
Nevertheless, it was clarified that chalcopyrite 
was antiferromagnetic at least at room tem- 
perature and the direction of antiferromagne- 
tism was parallel to c-axis. The magnetic 
moment of iron and copper were 3.852 and 
0+0.2uz, respectively. 

The present study reports the temperature 
dependence of the magnetic torque and the 
susceptibility of a single crystal, giving the 
Néel temperature and the direction of antifer- 
romagnetism. Experimental results of elec- 
tric properties, that is, the conductivity, the 
Hall effect and the thermoelectric power, 
which show behaviours of typical semiconduc- 
tor are also given. 


§2. Specimen and specimen preparation 


A large natural single crystal which was 
found at Arakawa Mine, Japan, was used for 
magnetic and electric measurements. Ac- 
cording to chemical analysis this crystal con- 
tains 33.54 weight % of copper, 31.7% iron, 
33.9% sulphur and 0.90 weight % of insoluble 
matter. The analysis for detection of other 
impurity elements was not carried out. The 
chemical formula obtained from the above 
contents of constituent elements is Cur 00 
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Fe: 03 Szo1. Therefore, more metal atoms 
than the ratio of stoichiometry are contained 
in the crystal. 

The synthetic specimen was obtained by 
a direct reaction of constituent elements in 
a evacuated silica tube. As starting materials 
sulphur redistilled in vacuum and electrolytic 
copper and iron wére used. The tube was 
kept at 450°C for 7 days and then heated at 
900°C for two days and then slowly cooled at 
the rate 25°C/hr. Though, as the melting 
point of chalcopyrite, temperatures of 950°C'”’ 
and 875-+10°C” were reported, it seems that 
875+10°C is more reliable since at 900°C 
chalcopyrite already melts in vacuum in our 
study. For electrical measurement melted 
and non porous specimen was used. 

An effort to form a single crystal by very 
slow cooling of a melted specimen was made 
but was unsuccessful. Austin ef al.» also 
made an attempt to form a single crystal of 
other chalcopyrite type compounds and re- 
ported that their attempts were not success- 
ful because of an anisotropic thermal ex- 
pansion of the crystal. Despite an advantage 
of rather low melting point the reason of 
the failure for chalcopyrite will be same to 
what reported by Austin eft al. 

According to X-ray diffraction all specimens 
include no other phase than chalcopyrite type 
structure. 


§3. Experimental procedure 


For the magnetic torque measurement a 
disc parallel to (110)-plane was cut out from 
a single crystal. The diameter of disc is 
12.2mm and the thickness 4.1mm. The 
torque was measured by a torque magneto- 
meter in a uniform magnetic field of 10200 
ce from the liquid nitrogen temperature to 
about 600°C. Powder susceptibility was meas- 
ured by a Sucksmith’s type spring magneto- 
meter. 

Electric measurements have been performed 
on both natural single crystal and synthetic 
crystal. Two slabs which have [001] and 


[110] directions as the longest axes were used. 
The electric conductivity was measured by 
four point method, and the Hall effect was 
measured by five electrodes. Electrodes are 
thin platinum wires and attached to the 
specimen by the method of current discharge. 
The contact of electrodes to the specimen is 
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good even at high temperatures but the 
‘current will not be sufficiently uniform in 
the specimen. 

All measurements were performed in the 
‘evacuated tube both at high and low tempera- 
tures. 


$4. Experimental Results of Magnetic Meas- 
urements 


Fig. 1 shows the torque curves in a uniform 
magnetic field of 10200 ce measured at —172°C 
and 20°C. At both temperatures they shows 
two-fold symmetry and the easy direction is 


{110}. 
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Fig. 1. Torque curve of (110)-plane at liquid 


nitrogen temperature and room temperature. 
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Fig. 2. The curve of maximum torque versus 
square of the magnetic field strength. 


The variation of maximum torque with the 
square of magnetic field strength at —172°C 
is found to be linear as shown in Fig. 2. 
Accordingly, the torque T is given by the 
formula 
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CS racer —y7j/) Sin 20 , 
where m is the mass, H the magnetic field 
strength, M the molecular weight, y, and ,/ 
the two molal susceptibilities perpendicular 
and parallel to c-axis, respectively, and @ the 
angle of rotation. Up to the field strength 
of 10200 oe the higher term is not found. 

The temperature dependence of maximum 
torque at the field strength of 10200 ce is 
illustrated in Fig. 3. It decreases with the 
rising of temperature and vanishes at about 
590°C, where two principal susceptibilities, x 
and y//, are equal and this temperature may 
be the Néel temperature of antiferromagnet- 
ism. As the easy direction of the torque is 


(1) 


[110], the direction of antiferromagnetism is 
[O01]. 

Powder susceptibility of the specimen (ob- 
tained by grinding the single crystal used for 
the torque measurement) has been measured. 
Its temperature variation is illustrated in Fig. 
4 as x», which is corrected by diamagnetism 
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Fig. 4. Temperature variations of susceptibilities. 
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of constituent ions. yp» increases with tem- 
perature from liquid nitrogen temperature to 
550°C and continues to increase above 550°C. 
Therefore, unfortunately it is not able to 
calculate the effective Bohr magneton num- 
bers of magnetic atomes from 1/y—T curve. 
This continuous increasing is probably due to 
the decomposition of the specimen into other 
substances one of which (for example, FeS) 
has high magnetic susceptibility. When chal- 
copyrite in the evacuated silica tube is 
quenched from 900°C, a considerable amount 
of sulphur is observed adhering on the wall 
of the silica tube. But we could not detect 
other substances than chalcopyrite by X-ray 
diffraction method. 

In order to prevent the decomposition of 
the specimen two capsules, one of which was 
fulfilled with argon gas of 1 atmosphere 
besides the specimen and the other is with 
sulphur were prepared, and the magnetic 
measurement were made. In both cases the 
susceptibility of chalcopyrite increased with 
temperature above the Néel temperature and 
the Bohr magneton number was not obtained. 

Below the Néel temperature the powder 
susceptibility is expressed by the formula, 


2 1 
eS = Let ae Ais (2) 


3 3 


Therefore, we can obtain two principal sus- 
ceptibilities, y:, and y,/, from the torque (1) 
and the powder susceptibility (2). The results 
are plotted in Fig. 4. ys is nearly constant 
with the temperature and y/; goes down to 
zero as the temperature comes near to 
absolute zero, just as the theory of antiferro- 
magnetism suggests. 


§5. Experimental Results of Electric Meas- 
urements 


The temperature dependence of two con- 
ductivities o, and oy, perpendicular and 
parallel to c-axis, are illustrated in Fig. 5. 
Both conductivities increase with the rising 
of temperature from liquid nitrogen tempera- 
ture to about —50°C and then decrease. 
Beyond about 300°C they increase again 
sharply. These behaviours resemble to that 
of a typical semiconductor. It seems that an 
intrinsic Conduction occurs in the temperature 
range beyond 300°C and impurity conduction 
in the range below —50°C. 

The results of the temperature dependence 


Teruo TERANISHI 


(Vol. 16, 


of conductivity by Boltaks and Tarnovskii are 
illustrated by dotted curves in Fig.5. Though 
in their synthetic specimens there is a second 
decreasse of conductivity with the rising 
temperature at 500°C, we could not find such 
a second decrease. 

While at high temperatures above about 
450°C two conductivities, g: and a7, are 
almost equal, there is a discrepancy between 
them at low temperatures. This anisotropy 
at room temperature is compared with those 
of natural single crystals measured by 
Wintenberger!” in Table I. The conductivi- 
ties of synthetic melted polycrystals which 
have the formulae CuFeS: and CuFeS:. are 
also illustrated in Fig. 5. They are much 
larger than that of natural crystal, although 
it is expected that synthetic CuFeS2 has less 
impurities and more stoichiometric composi- 


Table I. 
Specimen //(Q-cm) — 94 (2-cm) Os/0// 
ours 0.05 0.13 2.6 
1 0.09 0.145 1.30 
2 0.12 0.165 ib 36 
3 | 0.14 Oo21 it 5 


The numbers in the first column refer to the 
sample number of Wintenberger’s specimens. 
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Fig. 5. Temperature variations of electric con- 
ductivities. 
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tion than the natural crystal. But beyond 
about 450°C the conductivity of synthetic 
CuFeS, coincides with that of natural crystal 
where the conduction seems to be in the 
intrinsic range. 

The result of conductivity measurement is 
not completely reproducible after the meas- 
urement at high temperatures. The conduc- 
tivity parallel to c-axis measured at room 
temperature after the heating at 560°C is 
plotted by a black circle in Fig. 5. This value 
is larger by 26% than that before the heating. 
However, the reproducibility is not so bad as 
to destroy the general behaviour of the 
temperature dependence of conductivity com- 
pletely. 

Hall effects of natural single crystal and 
synthetic CuFeS:. are observed from liquid 
nitrogen temperature to about 150°C. Tem- 
perature dependence of Hall coefficients and 
number of conducting carriers are illustrated 
in Fig. 6. Beyond 150°C the reproducibility 
is so poor that we could not obtain precise 
values. The results of CuFeS:i,5 are very 
diverse. For both specimens the signs of Hall 
coefficients are negative and so the conduc- 
tions are of N-type. The mobilities obtained 
from Hall coefficients and conductivities are 
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Fig. 6. Temperature variations of Hall coefficient 
and numbers of conduction carriers. 
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illustrated in Fig. 7. The mobility of natural 
single crystal reaches to 35cm2/volt-sec at 
liquid nitrogen temperature. 

The thermoelectric power of the natural 
single crystal to copper is measured at room 
temperature. A large value, 480uV/deg., is 
obtained and the sign is negative which agrees 
with that obtained from the Hall effect 
measurement. 
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Fig. 7. Temperature variations of Hall mobilities. 


§6. Discussion 


From the results of experiments on mag- 
netic properties it is concluded that chalcopy- 
rite is an antiferromagnetic substance with 
the Néel temperature at about 550°C. The 
direction of antiferromagnetism is [001] direc- 
tion, being in accord with the result of neutron 
diffraction®. As has been mentioned at about 
550°C there is a crystal structure transition 
from chalcopyrite structure to calcium fluoride 
structure”. But taking into consideration the 
gradual decrease of the magnetic torque with 
the rising of temperature from liquid nitrogen 
temperature to 550°C (Fig. 3), it will be 
probable that the temperature 550°C is the 
antiferromagnetic Néel temperature, even 
though chalcopyrite begins to decompose from 
this temperature range. 

Using the Néel temperature and the suscep- 
tibility perpendicular to the c-axis we can 
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estimate the spin quantum number of the 
magnetic ion. The Néel temperature 7w is 
expressed as 


MEN Sian) 
= Co 
Tw 3h ) 
while 71 is expressed as 
Nery’ 
Sy Sete 4 
Mle A]z (#) 


where J is the exchange integral and z the 
number of nearest neighbors of magnetic 
atoms. Inserting the experimental values of 
Tw and x1, we get S=3/2 as the most appro- 
priate value. The effective Bohr magneton 
number of iron obtained from the neutron 
Giticaction is. .o.65¢2,. that 1s, S=3/2. eit ds 
noticed this good agreement does not hold if 
we take the next nearest neighbour interac- 
tion between magnetic ions into account. 

Pauling and Brockway®) and Kurylenko” 
suggested that chalcopyrite was a mixture of 
two ionic states, that is, CutFe®tS.?- and 
Cu2*Fe2+S.2-. However, our results of electric 
measurements will suggest that chalcopyrite 
is a typical semiconductor and we are strongly 
inclined to conclude that the bonding should 
be dominantly covalent, especially considering 
its large thermoelectric power of 480uV/deg. 

The idea of a mixture of two ionic states 
and the rather large conductivity comparable 
with that of magnetite suggests a possibility 
that the conduction is made by hopping mo- 
tion of electrons’. But the electron mobility 
of 30 cm?/volt-sec at room temperature is 
rather large and the carrier concentration of 
8x 10'*/cem® seems to be too small for this hop- 
ping motion mechanism. 

The crystal structure of chalcopyrite is a 
substitutional analogue of that of diamond?). 
Therefore all atoms, both metal and sulphur, 
are tetrahedrally sited in the lattice. Ina 
diamond type structure each atom has four 
valency electrons and forms the tetrahedrally 
directed sp? bonds. In chalcopyrite all atoms 
will also form covalent sf* bonds when copper 
atom contributes one electron and iron atom 
3 electrons to the covalent bond. Frueh?® 
suggests that if the above numbers of elec- 
trons are contributed to the valence bonds of 
metal atoms a Brillouin zone is filled with 
electrons. 

Standing on a model of semiconductor, it 
seems from the data of Fig. 5 that beyond 
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350°C the conduction is in the intrinsic range: 
and below -—50°C in the extrinsic range. 
Activation energies in each range are 1.3eV 
and 0.03eV, respectively. Austin et al.® 
reported from their experiment of infrared 
absorption that the energy band gap was 
more than 0.5eV. This value, as compared 
with our value of 2.6eV in the intrinsic range, 
seems too small. Frueh') did not determine 
the energy band gap from his conductivity 
measurement because he thought that the 
decomposition would take place before the 
intrinsic range was reached. The above fact. 
is also explained ‘by his assumption. How- 
ever, according to Austin et al. the energy 
band gaps of chalcopyrite structure CulnSz,. 
CulnSez and CulnTez are 1.2eV, 0.92eV and 
0.95eV, respectively. Therefore there is a 
possibility that the energy band gap of 
chalcopyrite is fairly large, far beyond the 
value of 0.5eV. 

There are some scattering of data as to 
the types of carrier in this compound. For 
instance, some investigators’!*) observed. 
large negative thermoelectric power, while 
the sign of Hall coefficient observed by Austin. 
et al.*) for a natural crystal was positive. 
Our measurements of the thermoelectric 
power and the Hall effect indicate that the 
conduction is of N-type. Although we have 
not enough knowledge about the impurities. 
contained in our specimen, we assume now 
that the N-type conduction will be an intrinsic 
property of chalcopyrite. According to the 
phase diagram of Cu-Fe-S system!!).1® chal- 
copyrite phase region extends to metal-rich 
side, while in the sulphur-rich region, pyrite, 


Cus FeSe 


Fe 


Fig. 8. Phase diagram of the Cu-Fe-S system 
after Merwin and Lombard.1) 


FeS: precipitates easily (Fig. 8). In order to 
check this point, compounds with the composi- 
tions CuFeS:. and CuFeS:: are synthesized 
by firing the mixture of copper, iron and 
sulphur in the appropriate proportion in an 
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evacuated tube. It was found by X-ray dif- 
raction that there are extra lines for CuFeS: 1 
while for CuFeS:.. no extra lines appear. 
Therefore the variation of stoichiometry in 
chalcopyrite will favourably be on the sulphur 
deficient side. This is consistent with the 
N-type conduction of the compound, since it 
is well known that some compounds, for 
example, lead sulphide and zinc sulphide, have 
an N-type conduction’ when these com- 
pounds contain excess metal atoms. 

It is noticed that we cannot yet obtain the 
accurate knowledge of the valence state of 
the transition metal in chalcopyrite. But 
from the considerations about the crystal 
structure and the result of measurements of 
thermoelectric power and electric properties 
it is understood that chalcopyrite is an in- 
trinsic semiconductor and probably when it 
becomes non-stoichiomentric it shows an N- 
type conduction. This means the d-shell of 
the transition metal seems to be independent 
of the valence bond. 

According to our most simple model the 
five unpaired electrons should remain in the 
d-shell of each iron, but this is not confirmed 
by the magnetic measurement. However, it 
is probable that the cubic close packed struc- 
ture of sulphur atoms will prevents the 
formation of d-d bonding’. 

There is the same kind of discussion in the 
compounds with NiAs-type  structure’’)*°). 
In these cases it should be kept in mind that 
the splitting of half-filled d-level due to anti- 
ferromagnetism”, might be playing some 
role. 


The author express his hearty thanks to 
Prof. Miyahara for his valuable discussions 
and encouragement and to Prof. Harada who 
kindly delivered him the single crystal of 
chalcopyrite. He is also much indebted to 
Dr. Akio Kobayashi and Dr. Yamadaya. 
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Effect of the Substructure upon Magnetic Properties of 
Iron-Silicon Single Crystals 


By Yoji NAKAMURA 
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The substructure was observed by means of the X-ray diffraction 
microscopy and the magnetic properties were measured at room tem- 
perature on single crystals of 4% Si-Fe alloys as produced from the melt 


at various growth rates. 


Single crystals produced at slow cooling rate 


consist of large subgrains with a small orientation difference and have 
small coercive force and large remanent magnetization, as compared with 


those produced at fast cooling rate. 


Such a dependence of magnetic 


properties upon the substructure is discussed in terms of the nature of 


sub-boundaries. 


$1. Introduction 


It is well known that single crystals grown 
from the melt are not crystallographically 
perfect, but they consist of a large number 
of fairly perfect regions called subgrains. The 
configuration and origin of the substructure 
have been studied extensively in detail”. In 
general, there is a slight difference in orienta- 
tion between adjacent subgrains and also a 
difference in amount of impurities between 
the subgrain boundaries and the interior of the 
subgrains. In other words, the sub-boundary 
can be considered as a network of dislocations 
and also as a region with higher concentration 
of impurities. The effect of dislocations upon 
the motion of ferromagnetic domain bounda- 
ries was discussed theoretically by Vicena in 
detail”), and the effect of the impurity segrega- 
tion or of the so-called “inclusion” was also 
discussed mainly by Néel®. Thus, the sub- 
structure in crystal may have an influence 
upon the bulk magnetic properties of ferro- 
magnetic materials owing to its hindrance 
effect against the domain boundary movement. 
So far as I know, however, any experimental 
study concerning the effect of substructure 
upon the magnetic properties has not yet been 
performed. 

The configuration of substructure depends 
mainly upon the following four factors, namely, 
the concentration of impurities, orientation and 
rate of crystal growth, and temperature gradi- 
ent at the melting point. It is convenient to 
investigate the effect upon the magnetic pro- 
perties of the substructure produced at various 
growth rates under a constant temperature 


gradient. To observe the effect of the growth 
rate, the test sample is desired to have the 
following characteristics. First, the specimen 
must have no phase transition below the melt- 
ing point. Secondly, the orientations of single 
crystals coincide with the direction of easy 
crystal growth, since such single crystals are 
actually likely to be prepared at various growth 
rates. Lastly, the direction of easy crystal 
growth coincides with the direction of easy 
magnetization, because this is the most struc- 
ture-sensitive direction. After Takaki et al.”, 
in iron-silicon alloys, the direction of easy 
crystal growth is the [100] direction along 
which the magnetization is easiest. So, we 
have studied the configuration of substructure 
and its effect upon the magnetic properties of 
iron-silicon alloy containing 4% Si. 


§2. Preparation of Single Crystal Specimens 


The material used is a commercial iron- 
silicon alloy which contains 4.03% Si, 0.08% 
C, 0.07% Mn, 0.02% P, 0.026% Cr, 0.31% Cu, 
0.007% S and 0.31% Ni. We successfully used 
a vacuum Tammann furnace to produce 
single crystals by the Bridgman method*). 
The temperature gradient of the furnace is 
about 80°C per cm near the point where the 
solidification occurs. Using a single crystal 
rod with the rod axis along [100] direction as 
the “seed” crystal, several single crystal rods 
were produced by changing the growth rate 
from 0.4 to 11mm per min. Thus obtained 
single crystals rods, 3mm in diameter and 
20~25 cm in length, have the [100] orientation 
within 1°, which was checked by the back- 
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reflection Laue method. 


§3. Substructure 


The existence of subgrains in single crystals 
was detected by the split-up of Laue reflection 
spots in the course of the determination of 
their orientations. 

To observe the substructure, the (100) sur- 
faces of the specimens were polished mechani- 
cally and electropolished in a mixed solution 
of chromic acid and phosphoric acid. Then 
the specimens were annealed in vacuum at 
1000°C for 2 hours. 

For the optical observation of sub-bounda- 
ries, the electrolytical etching was effectively 
made in 1 N potassium dichromate solution 
(Ruder’s solution) at about 50°C for 2 or 4 
hours, using the current density of 0.02~0.05 
Amp per cm’. The observations under a low- 
power microscope revealed irregular patterns 
of sub-boundaries such as shown in Photo. 1. 

This optical examination, however, gives 
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Photo. 1. Optical micrograph of the (100) surface 
of a4% Si-Fe single crystal grown at 5mm/min. 


1mm 
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Photo. 2. Berg-Barett photograph of a 4% Si-Fe 
single crystal grown at 0.4mm/min. Fe Ka, 
100, reflection plane: (220), 
current density: 1l0mA, ex- 


specimen face: 
voltage: 30Ky, 
posure: 10 min. 
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no information about the misorientation be- 
tween neighbouring subgrains. Consequently, 
the method of the X-ray diffraction microscopy 
called the Berg-Barett technique was applied 
to the (100) surfaces prepared as mentioned 
above. The reflection plane employed here is 
the (220) plane. X-ray emmitted from a ver- 
tical line source 3.5mm x1mm was used, em- 
ploying an iron target; the radiation consisted 
predominantly of the Feai«2: doublet. The 
specimen crystal was held on a goniometer 
45.5cm distant from the source. 


ee 
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Photo. 3. Berg-Barett photograph of a 4% Si-Fe 
single crystal grown at 5mm/min take under 
the same condition as in Photo. 2. 
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Photo. 4. Berg-Barett photograph of a 4% Si-Fe 
single crystal grown at 11 mm/min taken under 
the same condition as in Photo. 2. 


Several X-ray microphotographs thus ob- 
tained are shown in Photos. 2, 3 and 4. In 
these photographs the direction of the incident 
X-ray beam is parallel to the direction of the 
rod axis, namely that of crystallization. The 
interpretation of Berg-Barett photographs of 
the sub-boundaries has been given in detail 
by Hume®, and, hence, no further statements 
may be necessary here. From these photo- 
graphs, we can see that the shape of sub- 
boundaries is rather irregular as compared 
with that in pure metal crystals where sub- 
grains usually appear as elongated rods of 
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approximately hexagonal or square cross-sec- 
tion’. In general, the size of subgrains in- 
creases as the rate of the growth decreasés. 
The mean linear dimensions of subgrains as 
estimated by counting the number of subgrains 
in the same area of each photograph decreases 
from 1mm for the lowest rate to 0:4mm for 
the highest growth rate. Next, a very rough 
estimation of the mean difference in orienta- 
tion was made by observing the width of 
overlapping or failing of images of neighbour- 
ing subgrains. The mean orientation differ- 
ence thus obtained increases with increasing 
growth rate, being in the range from 10’ for 
the lowest growth rate to 30’ for the highest 
rate. 


§4. Magnetic Properties 


Before measuring the magnetic properties, 
the specimens were annealed in vacuum at 
1000°C for 2 hours and slowly cooled in the 
furnace. Magnetization curves were measur- 
ed by the conventional ballistic method at 
room temperature. Typical magnetization 
curves obtained are shown in Fig. 1, which 
indicates that the specimen becomes magne- 
tically softer with decreasing growth rate. 
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Fig. 1. Magnetization curves of 4% Si-Fe single 
crystals produced at various growth rates, R. 


One can see more Clearly the effect of growth 
rate upon magnetic properties when the 
coercive force and remanent magnetization are 
taken as measures of magnetic softness. The 
dependence of coercive force on the growth 
rate is represented in Fig. 2. 

As seen from Fig. 1 the descending hystere- 
sis curve of the single crystal specimen pro- 
duced at slower growth rate shows the sharper 


(Vol. 16, 


break near the point where the effective 
magnetic field is approximately equal to zero. 
The intensity of magnetization at the break, 
therefore, may be considered as the remanent 
magnetization. The hysteresis curve of the 
single crystal specimen produced at fast growth 
rate, however, has no sucha sharp break but 
shows a gradual bend in the corresponding 
region, so that it is difficult to define accurately 
the remanent magnetization. Therefore, for 
such single crystal specimens the intensity of 
magnetization at the intersection of the two 
tangents of the comparatively straight por- 
tions of the curve on both sides of the bend, 
as shown by dotted line in Fig. 1, was taken, 
for convenience, as the remanence. The re- 
lation between the remanent magnetization 
and the growth rate is shown in Fig. 3, which 
indicates a decrease in remanent magnetiza- 
tion with increasing growth rate. 

The domain patterns of the specimens were 
examined by means of the powder pattern 
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Fig. 2. Coercive force as a function of the growth 
rate, in 4% Si-Fe single crystals. 
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Fig. 3. Remanent magnetization as a function of 
growth rate, in 4% Si-Fe single crystals. 
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technique”. The observed patterns on the 
(100) plane show that the domain boundaries 
are Continuous across the sub-boundaries. The 
domain structure is mainly constructed by the 
180° walls which are parallel to the rod axis 
and separate the neighbouring domains by 
about 10-2cm. The mean distance between 
180° walls decreases with increasing growth 
rate, ranging from 1mm for the lowest growth 
rate to 0.4mm for the highest rate. 


$5. Discussions 


Although no observation was made about 
the difference of the impurity concentration 
in the sub-boundaries and in the interior of 
the subgrains, the observed substructure seems 
to be the so-called impurity substructure”, 
because the concentration of impurities in the 
specimen is high as stated above (§2). Thus 
the origin of the formation of this substruc- 
ture may be the constitutional supercooling”. 
If the rate of diffusion of impurities in the 
liquid was balanced with the rate of cooling, 
the long-rod-shaped subgrains could appear as 
in the case of pure metals. The balance, 
however, is difficult to be maintained steadily 
during cooling in this case because of a high 
concentration of impurities. As the result 
crystal nuclei may be formed randomly in the 
liquid phase before the subgrain in question 
develops and elongates, and the _ before- 
mentioned substructure containing irregularly 
shaped subgrains is formed. No further con- 
sideration is made on the origin of the con- 
figuration of the substructure, since it is the 
chief aim of this paper to show the effect of 
the substructure upon the magnetic properties. 

As previously mentioned, sub-boundaries can 
also be considered as dislocation networks re- 
gardless of the impurity concentration in the 
material. The motion of the domain wall in 
a ferromagnetic crystal is affected by the dis- 
location. The interation between the domain 
wall and dislocation was theoretically investi- 
gated in detail by Vicena”. He calculated the 
effect of the stress field of the dislocation upon 
the motion of the 180° domain wall across the 
dislocation and showed that the magnetoelastic 
energy of the domain wall changes when the 
wall moves over the dislocation. This interac- 
tion is more effective for the motion of the 
domain wall than any other magnetic energy. 
Based on a simplified assumption, he expressed 
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the coercive force as a function of the disloca- 
tion density, which has been verified experi- 
mentally®). Further, the influence of disloc- 
tions arranged along the boundary separating 
the mosaic blocks was also discussed by him. 
If the mosaic blocks are cubic whose faces 
coincide with the {100} faces of cubic crystal, 
and 180° domain walls are parallel to those 
faces, the coercive force is given by 


_ Vdl_ tan@ (i is ia 4E 

V2 a d a 
where d is the domain wall thickness, J the 
saturation magnetization, L the separation of 
180° wall, / the linear dimension of mosaic 
block, @ the orientation difference between 
neighbouring mosaic blocks, a the lattice con- 
stant, and 4E the maximum energy change 
(magnetoelastic) of the domain wall per unit 
length. 

The substructure observed here consists of 
subgrains with irregular shape whose dimen- 
sion and misorientation are larger than those 
considered by him. However, when 7 and @ 
are replaced by the linear dimension and 
misorientation of subgrains, respectively, of 
which the values were given in §3, his cal- 
culation can also be applied to the present 
author’s experiments, because it is seen from 
his paper that the orders of magnitude of / 
and # may not affect essentially the result of 
the calculation. By using Eq. (1) one can 
easily obtain the value of coercive force for 
each growth rate by taking 4&=0.35x10-5 
erg/cm?); d=10-§cm; J=1500e.m.u. and the 
values for /, L and 0 as already given in the 
preceeding section. The obtained results as 
shown by a dashed line in Fig. 2 show that 
the calculated values agree qualitatively well 
with the observed ones. Thus, it can be said 
that the coercive force is related to the sub- 
boundaries constructed by dislocations. 

Finally, an interpretation is required to ac- 
count for the dependence of the shape of 
hysteresis curve, especially of the remanence 
upon the substructure. When the externally 
applied field is reduced from the value requir- 
ed to magnetize the specimen to saturation, 
the nucleous of reverse magnetization may 
be created at some regions of imperfection and 
the magnetization decreases as the nucleous 
grows. The nucleation and growth of reverse 
domain in the case of iron-silicon single crys- 


He (1) 


1892 


tals were studied by Bates and Martin®). They 
showed that the surface pits or nonmagnetic 
inclusions could be the nucleation centers and 
that nucleation of reverse magnetization and 
its growth which reduced the remanent mag- 
netization could take place before the mag- 
netic field was reduced to zero. 

In our single crystal specimens sub-bounda- 
ries may be considered as the nucleation cen- 
ters of reverse domains, because they contain 
therein the higher concentration of impurities 
as compared with the interior of the subgrains. 
The observed round shoulder in the descend- 
ing hysteresis curve and low remanent mag- 
netization shown in Fig. 1 and Fig. 3 may be 
explained by a probable appearance of many 
reverse domains at sub-boundaries. Further, 
under high applied magnetic field the mag- 
netostatic energy associated with magnetic 
poles distributed at sub-boundaries due to the 
misorientation between nighbouring subgrains 
must be taken into account, although its con- 
tribution to the total magnetic energy is small, 
and the magnetostatic energy can be reduced 
when reverse domains appear at boundaries™. 
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This energy reduction makes easy the ap- 
pearance of reverse domains. 

In conclusion the author wishes to express 
his hearty thank to Professor H. Takaki for 
his kind guidance and encouragement through- 
out the work. He is also greatly indebted to 
Dr. M. Koyama who helped the measurement 
and gave valuable discussions in the study of 
substructures. 
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The dislocation image has a line or dotted feature, which depends es- 
sentially upon the reflecting condition. This dependency has been clarified 
by the dark field image method and also by the method of small varia- 
tion of the incident angle of electron beam, as follows: — 

Line images of dislocations: 1) Generally the contrast of dislocation 
image near an extinction contour is mainly due to the reflection of the 
same index as that of the contour. 2) The dislocation image usually ap- 
pears as a single line, sometimes as a double image, when it is due to 
one reflection. 3) On the contrary, sometimes the image looks like a single 
line even when it is due to multiple reflections. 4) The image having 
black contrast is generally accompanied by white side-lines, and when 
the latter predominates, the image is observed as a white dislocation 
image. 5) Near the intersection of dislocations of two families, there 
are found some variations in the image features, which may be not only 
due to the interaction between strain fields of the intersecting disloca- 
tions, but also due to the systematic interaction of the reflections. 

Dotted images of dislocations: 1) Each dot in the dotted images is 
frequently composed of the white and the black regions lying side by 
side and distributed alternately along the dislocation line. 2) The zig-zag 
image is considered as a special feature of the dotted image, which is 
occasionally produced by two reflections. 3) Complex features of the 
dotted images, for instance, the image interposed between two black lines, 
are due to multiple reflections. 

Finally, it is shown that the foil is bent by the dislocation for relief 
of the dislocation stress, and that some of the image features may be 
affected by this phenomenon because of variation of the reflecting condi- 


tion. 


§1. Introduction 

An interpretation of the contrast of dis- 
location images observed by transmission 
electron microscopy has recently been given 
by Hirsch et al.”, and it has been shown 
that the contrast of the images depends es- 
sentially upon the condition of the Bragg 
reflection. They applied the kinematical 
theory to interpret the experimental results of 
f.c.c. metals such as aluminium, and ex- 
plainned a number of basic features of the 
observed images. The theory does not, how- 
ever, explain more complex characteristics 
of the images. To study the characteristics 
of the dislocation, unambiguous interpretation 
for the image is needed, for which more 
definite data showing the relation between 


dislocation images and reflecting conditions 
must be supplied. The present work has been 
carried out to obtain such data in the case of 
pure iron. 


§ 2. Specimens 

Specimens were taken from a 99.9% purity 
iron plate rolled at room temperature to 0.2 
mm in thickness, and they were subjected to 
annealing for 30min. at 1000°C followed by 
furnace-cooling. They were then beaten at 
about —70°C. To make foils for the electron 
micrograph, electro-polishing was performed 
using an electrolyte (phosphoric acid 100 cc and 
chromic acid 100 g) kept at 80°C. 

The electron microscope used was of 
Hitachi HU-11 type operated at 100kV. 
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§3. Experimental Results 


1. Line images of dislocations 


A. The change of image with the distance 
from an extinction contour 

It is general that the contrast of disloca- 
tion images observed by transmission electron 
microscopy tends to become faint with in- 
creasing the distance from the region where 
an extinction contour exists. Since the con- 
trast of the extinction contour results from 
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bending of the specimen in this case, the 
distance from the extinction contour is roughly 
considered to represent the deviation angle 
from the Bragg condition if it is not so large. 
Therefore, the relation between dislocation 
images and the deviation angle from a Bragg 
condition will be presumed from detailed 
observation of images of the dislocations be- 
longing to the same family, around the extinc- 
tion contour. Fig. 1 was taken for this 


Rigas 


Variation of the dislocation image with distance from an extinction contour. 


Fig. 2. Variation of the image features, from double to single, by small 


change of the incident angle. 
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: Fig. 5. Dislocation images running 
from upper left to lower right are 
lost in contrast at the intersection, 
but those intersecting these images 

: are not. 


Fig. 3. Triple image appearing at the intersect on of 
dislocations. 


oN 


Fig. 4. Double image intersecting another dislocation, 
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their arrangement. As for their behaviors, 
it is found that the feature of dislocations 
varies considerably with the distance from an 


purpose. In this figure dislocation lines run- 
ning from lower left to upper right are 
thought to belong to the same family from 


Fig. 6. Single image of dislocation accompanied by white side-lines. (b) is a dark field image of 
121 reflection. In (c) and (d) which are dark field images of 01] and ]j0Q reflections respecti- 
vely, of white-framed region in (a), there is no image a. (e) is the selected-area electron 
diffraction pattern of (a). 
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extinction contour situated at the 
left side: i.e. in region A disloca- 
tion image has the shape of a black 
line accompanied with white lines, 
in region B it is often of a double 
lines, and in region C it is of a black 
single line. It should also be noted 
in Fig. 1 that dislocation images 
are apt to take a dotted shape with 
approaching the left side, which will 
be discussed later. The dynamical 
effect may play an important role 
in the contrast and the shape of the 
image, because there is a difference 
in thickness, i.e. the foil is thicker to 
the right. 


B. The change of image due to vari- 
ation of the incident angle 

From the results mentioned above, 
it is evident that the dislocation 
image depends upon the distance 
from the extinction contour. This 
dependency can also be confirmed 
with the micrographs taken at slight- 
ly varied incident angles by chang- 
ing the condensor lens current. Figs. 
2, 3 and 4 are examples taken in 
this way, in which considerable 
changes between (a) and (b) are 
observable at encircled regions; in 
Fig. 2 some double images are 
changed to single ones, and in the 
triple image in Fig. 3 the distance 
between the outer two images and 
the central one is varied with chang- 
ing the incident angle. Such a triple 
image is occasionally found near the 
intersection of dislocation of two 
families, as seen in this figure. 

In encircled regions in Fig. 4 
there is seen a typical double image 
of dislocation, which shows the 
effect of the intersection with another 
dislocation lying on the same or 
neighbouring plane. The right part 
of the horizontal dislocation shows 
a double image, while the left part 


shows a single image which is con- Fig. 7. Double image and white dislocations (e and f). 
tinued approximately to the white (b) and (c) are dark field images of 110 and ]]0 re- 
mid portion of the right double flections, respectively. (d) is the selected-area electron 
image. On the other hand, as for diffraction pattern of (a). 


the intersecting dislocation, the 
position of black contrast is interchanged from one side to the other at the intersection. 
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Intersecting dislocation images are also ob- 
served in Fig. 5, in which dislocations of two 
families may be situated different depth from 
the surface. The image of one family is lost 
in contrast at the intersection, while the image 
of the other is not. These features may be 
not only due to the interaction between strain 
fields of the intersecting dislocations, but also 
due to the systematic interaction of the re- 
flections. 
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C. The relation of image to the index of 
reflection 

In order to find the relation between the 
image and the Bragg condition more definitely, 
it is necessary to know the index of reflec- 
tion of the dislocation image. For that pur- 
pose, the dark field image method is conven- 
ient and effective. In the present work, it 
was used under the same condition as in the 
bright field image, and the non-variation of 


Fig. 8 (a) and (b). Single images produced by multiple reflections, (b) is the selected-area 


electron diffraction pattern of (a). 
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the reflecting condition during this operation From the results of the dark field image 
was checked by comparing two bright field method, the following relations between the 
images taken defore and after this operation. dislocation images and the conditions of the 


aS 


and (f) are dark field images of 112, 101, 123 and (11 reflections, 


respectively. 
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Bragg reflections were clarified: — 


(i) Dislocation contrast revealed by a single 
reflection 

When an extinction countour appears sepa- 
rately and sharp, the contrast of dislocations 
nearby is generally due to the reflection of 
the same index as that of the extinction 
contour. Fig. 6 will show sucha case. Com- 
paring bright field image (a) with dark field 


images, 121 reflection (b), 011 (c) and 110 (d), 
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it is found concerning (a) that the black con- 
trast of the image a* is due to (121) reflection 
from a region extremely near the dislocation 
and that on both sides of the image there are 
white lines which mean strong transmission 
of the electron beam. Images 0) and c also 
have the same character. 

However, it can not always be said that 
the dislocation image appears as a single line 
when one reflection occurs. For example, 


Fig. 9. 


Dotted appearance (7) near the specimen surface. 


Fig. 10. The dotted image and the equal-thickness fringes appearing in the wedge-shaped 


region (left). 


* This kind of image sometimes appears as a triple image, whis is accompanied by broad side-lines. 
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Fig. 7 isa case of the double image produced 
by one reflection: i.e. the double image a is 
composed of two lines of which one has a 
strong contrast but the other faint in the 
bright field image. From its dark field image 
of 110 reflection, Fig. 7 (b), one of the image 
lines may be considered to be main, and the 
other a subsidiary line. This interpretation, 
however, has a difficulty, because the index 
of the reflection is low”. In Fig. 7 (a) the 
dislocation images e and f are observed as 
white lines, but in the dark field images, (b) 
and (c), those portions have black contrast 
accompanied by side lines of white contrast. 
It is therefore reasonable to conclude that the 
white dislocation image” is an extreme case 
of the dislocation image accompanied by the 
white side-line; i.e. in this case the contrast 
of the white side-line is strong as compared 
with that of the black dislocation image. 

It is also noted in Fig. 6 that with increas- 
ing the distance from the extinction contour 
the contrast and the width of the single reflec 
tion image becomes weaker and narrower. 
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(ii) Dislocation contrast revealed by two or 
more reflections 

Dislocation images } and c in Fig. 7 (a) have 
similar features as those in Fig. 4 and Fig. 3, 
respectively. These images are also observed 
in dark field image (b) of 110 reflection as 


well as in (c) of 110 reflection. This confirms 
that these images are formed with two reflec- 
tions, as expected from the feature composed 
of two or three lines. However, sometimes 
the image looks like a single line even when 
it is due to multiple reflections. Fig. 8 is 
a typical example of such a case, in which 
each dislocation image is rather broad. Com- 
paring Fig. 8 (a) with its dark field images, 
(c) 112, (d) 101, (e) 123 and (f) 011, the fol- 
lowing facts are found: Image a is due to 
the overlapping of 112 and 123 reflections, 
images JD, c, e, f, g and hare all due to three 


reflections 112, 101 and 123, and image d is 


indeed due to four reflections 112, 101, 123 
and 011. 
Furthermore, it is especially interesting that 


Fig. 11 (a). 


Relation between the dotted images and an extinction contour. 
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in Fig. 8 (c) of 112 reflection each dislocation 
appears as a double image separated with a 
narrow and sharp black line which is observed 
as white in other reflections. And the both 


lines in the double image in 112 reflection seem 
to have comparable intensities. Therefore, it 
will be improbable that one of the double 
lines is a subsidiary reflection of the other. 


()" 


Fig. 11 (b)~(f). 


H. FUJITA and Z. NISHIYAMA 


Enlargements of parts of Fig. 


(Vol. 16, 


II. Dotted images of dislocations 


Besides the line feature, the dislocation 
image occasionally takes a dotted feature, 
which has recently been considered as an 
effect of Pendellosung occurring when the dis- 
location is inclined to the plane of foil. 

The dislocation image is apt to take a dot- 
ted shape with approaching the specimen 
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surface or with decreasing the specimen 
thickness, as seen in Fig. 1. Dislocation 
images in Fig. 9 havea dotted appearance (7) 
on their segments near the specimen sur- 
face. In Fig. 10, a wedge-shaped edge of the 
specimen is seen at the left. The dislocation 
images running from upper left to lower 
right have the dotted appearance which is 
clear in the thin region. The number of the 
dots in some images, is about the same as that 
of the equal-thickness fringes appearing in 
the left region from the image. 

The dislocation line near the foil surface 
has a tendency to become normal to the sur- 
face, and therefore the effect mentioned above 
on the image may be interpreted by the 
nature of the dislocation. 

Fig. 11 (a) is a typical example showing 
various kinds of the dotted images, which 
suggests that the dotted image also has an 
important relationship with the condition of 
the Bragg reflection. Fig. 11 (b)-(f) are en- 
largements of parts of Fig. 11 (a), which 
reveal many interesting characters of the 
dotted images as follows: In (b), image a 
shows a dotted image interposed between two 
black side-lines, and image b has a feature 
similar to but a little different from the image 
a. In (c), each dot in image c is composed 
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of the white and the black regions lying side 
by side and in a row distributed alternately. 
In this type of the image the boundary between 
the two side regions is considerably sharp and 
is on a line throughout the dislocation con- 
cerned, and thus the white regions are ob- 
served as dots in a zig-zag row as seen at 
image d. It should be also noted at the lower 
right of the image c that the black contrast 
of one side of the dotted image becomes so 
faint with the distance from the dark matrix 
in the photograph that only a part of the 
boundary is visible. Image e in Fig. 11 (d) 
consists of a row of small dots whose size is 
about half that of the image c, notwith- 
standing the dislocations of both images seem 
to belong to the same family. The dotted 
images in Fig. 11 (e) are considered to result 
from that the contrast of one side of the 
image is decreased due to further deviation 
from its Bragg condition, as mentioned about 
Pree, Sl @), ites, IGE GE) eiavel A Ine el ie: 
markable zig-zag appearance (f) which is a 
special feature of the dotted image. Compar- 
ing these images, it is noted that the zig-zag 
image changes to the dotted one (A) with the 
distance from the dark region of the matrix. 
This means that this kind of image also 
depends on the reflecting condition. 


Fig. 12. Zig-zag images of dislocations. 


See the variation of the image from zig-zag (7) to 


dotted (A) with the distance from the left region of the matrix. 
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From the results of the dark field image 
method, many of the complex images as 
mentioned above will be interpreted as fol- 
lows: —In Fig. 13, (a) is the bright field image 
and (c) and (d) are the dark field images of 
110 and 220 reflections, respectively. The 
dislocation images a and 6 in Fig. 13 (a) are 
similar to those described in Fig. 11 (b), which 
have two black side-lines. Comparing (c) with 
(d), it is found that those dislocation images 


(a) 


Fig. 13 (a) and (b). The relations between the dotted images and the reflecting eonttens 
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are produced by two reflections, 110 and 220. 
Images v, w, x, y and z in (a) have some 
feature like the zig-zag image seen in Fig. 12. 
These images, especially image x, are also due 
to two reflections; i.e. two parts of the image 
x having different curvatures from each other 
are observed on different reflections 110 and 
220, respectively. “ Therefore, it is expected 
that one side of the zig-zag image of disloca- 
tion becomes faint and finally disappears when 


(b) is 


the selected-area electron diffraction pattern of (a), 
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one of the two reflections becomes weaker (c). The dislocation image 7 in Fig. 13 @), 
with deviation from its Bragg condition. The which looks like a single line, is also due to 
example is seen at the image c in Fig. 11 two reflections; i.e. one is 110 reflection 


Fig. 13(c) and (d). Dark field images of 100 and 200 reflections, respectively. 
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producing the dotted image of a long pitch 
and the ‘other is 220 reflection producing the 
line image. The image d observed in Fig. 7 
is also due to such reflections, though the ap- 
pearance is slightly different. Besides, there 
are in Fig. 13, many examples showing the 
image contrast formed by various reflections; 
for instance, in image / the position of re- 


Fig. 14. Extinction contour due to the 
the dislocation stress. 
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flection is changed from one side to the other 
of the dislocation, and in image j 110 reflec- 
tion is considered to be concerned. 

Finally, it is concluded that the complex 
features of the dotted image are due to 


multiple reflections as in the case of the 
line images. 


ah a 


local bending which is considered as a result of relief of 
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Local bending due to dislocation stress, 
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3. Bending of the Specimen owing to the 
Dislocation 


From the dislocation theory”, it is expected 
that the thin specimen is bent by a dislocation 
for relief of the dislocation stress. Since the 
thickness of the specimen used for the elec- 
tron micrograph is very small, about 1000- 
2000A, the role of such bending in the image 
should be taken into consideration because 
the bending changes the reflecting condition. 
It is frequent that some difference is observed 
in the contrast of the matrix across the 
dislocation image due to such bending, as 
seen at region 1-8 in Fig. 1. Fig. 14 is also 
another good example, in which some of 
the dislocation images are accompanied by 
broad black bands (7) along them. These 
images are likely to be considered as the 
extinction contours formed by rather macro- 
scopic bending, because in the bands there is 
no special curvature at small crooks of the 
dislocation images. At the left side of Fig. 
14, curved extinction contours are observed 
in a region subdivided with two dislocation 
images, which are probably due to the local 
bending of the specimen for relief of the 
stress of the dislocations. In encircled regions 
of Fig. 15, the concentric contours are observ- 
ed around the ends of the dislocation, their 
positions being varied by small change of 
the incident angle. 


Discussion 


§ 4, 

The present work has revealed several 
images of dislocation that are difficult to inter- 
pret with the kinematical theory proposed by 
Hirsch ct al... In the preceding section, it 
was shown that the foil specimen was locally 
bent by the dislocation for relief of the dis- 
location stress. This suggests a considerable 
possibility that some of the images observed 
result from such bending because it changes 
the reflecting condition. First of all, the dif- 
ference in the contrast of the matrix across 
the dislocation image, as seen in Fig. 1, can 
be interpreted as follows: When an edge dis- 
location having a Burgers vector parallel to 
the foil surface is present within the foil 
surface, the specimen is bent by the disloca- 
tion as shown in Fig. 16 (a). In this case, 
the phase angle of the electron beam is ad- 
vanced on one side of the specimen and de- 
layed on the other as well as in the case of 
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usual extinction contour’. Hence a contrast 
is possible to appear between these two sides. 
From _ the dislocation theory?) it is expected 
that such bending becomes prominent under 
the limited condition that the dislocation is 
of the edge type, the dislocation line and its 
Burgers vector being nearly parallel to the 
foil surface, and moreover its arrangement 
simple. When unlike dislocations are situated 
closely and in parallel with each other, as in 
Fig. 16 (b), the dislocation stress will be re- 
lieved so easily that the surface of the region 
between them becomes nearly flat. Regions 
3-7 in Fig. 1 are considered to be the case. 


Fig. 16. 


In Fig. 4, the position of black contrast in 
the image* of the intersecting dislocation is 
interchanged from one side to the other at 
the intersection. This interchange of the 
image contrast is considered to be a result 
from the phase difference as indicated by signs 
in Fig. 16 (a). 

As mentioned above, the condition of the 
crystal around a dislocation line is quite 
similar to the case of the extinction contour 
due to the usual bending. The Bragg angle 
of 110-220 reflections is about 30’-1° (in 
100 kV), which may be an attainable value as 
the inclination of a crystal plane around the 
dislocation if the specimen thickness is about 
500- 1000A and an edge dislocation exists in 

oo The index ‘of reflection of the intersecting dis- 
location image is different from that of the dark 
matrix. 
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the middle. Therefore, there is a possibility** 
to form a line image on either side of the 
dislocation line, as shown at a and 0 in Fig. 
17 (a). The separation of the two images is 
determined by the index of reflection and the 
curvatute of the crystal which is inversely 
proportional to the foil thickness. | The rough 
estimation of the separation is a few hundred 
A. So is the width of the images. When 
the index of reflection is as low as (110), the 
image will take a simple feature as considered 
so far. Since the dislocation line and its 
Burgers vector are not always parallel to the 
foil surface, either one of the two images 
will be observed in general, and its width 
will be rather broad because of small curva- 
ture. Broad lines (}) accompaning the disloca- 
tion images, for instance, images b and g in 
Fig. 7 and images observed at the lower side 


ns 


Biome 


** This possibility is increased by the divergency 
of the incident beam (=~ 10-3 rad.) 
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of Fig. 14, are eeetd ee as this kind of 
image. 

When two dislocations of different families 
intersect each other, the Jocal bending by 
dislocation becomes more complex. Fig. 17 
(b) illustrates the case, in which cross-lines, 
arrows and contour lines indicate two inter- 
secting dislocations, their Burgers vectors and 
positions of equi-inclination planes owing to 
the dislocation stresses, respectively. When 
a reflection occurs on a net plane parallel 
to the vertical line, the image due to local 
bending produced by this reflection is expected 
to appear as a double image, as shown in 
Fig. 17 (c), whose shape is decided by the 
relationship between Burgers vectors of the 
two dislocations. The double image in Fig. 4 
is considered to have been produced under 
such a condition. This interpretation will 
also be applied to the side-lines of a triple 
image, in which the central image is produced 
by another reflection, as seen at image c in 
Fig. 7. Since both side-regions of the verti- 
cal dislocation line are also affected by the 
local bending, the images, right and left, 
are not necessarily produced under the same 
reflecting condition. This idea will interpret 
the reduction of contrast at the central image 
of the right part of a horizontal dislocation in 
the encircled regions in Figs. 3 and 4. It is 
also understood that the separation of the 
lines in a image which is due to the local 
bending is sensitive to the incident angle and 
that their widths are broad, as seen in Figs. 
3 and 4, because of the small curvature as 
compared with that of a region extremely near 
the dislocation. 

The idea mentioned above does not yet 
elucidate the double image produced by a 
single reflection, as seen at image a in Fig. 7. 
More detailed results about these images 
will be desirable in addition to the full deci- 
sion of the foil shape due to the local bending. 


One may be thrown into confusion by the 
fact that the additional images are formed by 
the local bending because of the thin speci- 
men. On the other hand, however, the local 
bending by dislocation is noticeable in the 
case of the edge dislocation, and therefore 
such additional images will enable us to dis- 
tinguish the edge from the screw dislocation. 

In the present work, a number of interest- 
ing features of dislocation and the relations 
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between its images and the condition of the 
Bragg reflection could be clarified. In order 
to analyze these results by the diffraction 
theory, photographs must be taken under 
more definite conditions, i.e. with smaller 
divergence of the electron beam and under 
no local bending of the specimen. 

It is expected that in very near future the 
complex images observed under certain con- 
ditions will be elucidated by some advanced 
diffraction theory. But, in case only the 
position of the dislocation is studied, it is 
desirable to take its image in a simple shape. 

If the simple line image is produced by one 
reflection, by means of some technique such 
as gradual change of the incident angle 
with a precision goniometer, definite informa- 
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tions about the characters of the dislocatiom 
can be derived without so much theoretical! 
difficulty. Therefore, the operation suitable 
for this purpose will be the best way we have 
to do at present, although of course the theo- 
retical treatment such as the dynamical theory 
will be necessary for more profound inter-: 
pretation of the stress field. 


The authors wish to thank Mr. A. Kore-eda. 
for helping to take electron micrographs. 


References 
1) P. B. Hirsch, A. Howie and M. J. Whelan: 4 
Phil. Trans. Roy. Soc. A 252 (1960) 499. 
2) For example, A. H. Cottrell: Dislocations and |) 


Plastic Flow in Crystals, Clarendon Press, 
(1953). 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN Vol. 16, No. 10, OCTOBER, 1961 
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The thermoelectric power of the gamma-phase alloys in the copper-zinc 
system has been measured at room temperature relative to pure copper. 
The thermoelectric power is found to be a smooth function of composi- 
tion except in the range between 64.4 and 65.4 at.7% Zn where there is 
a discontinuous change. 

Analysis based on a band-approximation suggests that such a disconti- 
nuity can be attributed to the extinction of a band of electron holes or the 
initiation of a band of overlap electrons. However, there is a practical 
difficulty in distinguishing between the two processes, since the disconti- 
nuity occurs in the same and negative direction in either case. This 
difficulty was overcome with recourse to extra information concerning 
the Brillouin zone of the gamma-phase, and the discontinuity was inter- 


preted in terms of the electron overlap across the {411} plane. 


§1. Introduction 


The electronic structure of pure indium 
and indium-lead alloys have recently been 
studied by Tomasch and Reitz” by means of 
measurements of the thermoelectric power. 
Their theory indicates that a discontinuity of 
the thermoelectric power can be explained in 
terms of band extinction or initiation. For 
the application of their theory to the experi- 


mental results, the thermoelectric power of 
the indium-thallium alloys must be subtracted 
from that of the indium-lead alloys. 

The subtraction was made to remove the 
major effects of impurity scattering and to: 
leave only the pure electronic concentration 
effect. Such a treatment, however, is not 
always correct because the anomalies in the 
electronic structure, such as the extinction 
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and the initiation of bands, may occur even 
in an alloy which consists of two elements of 
the same valence’). 

In this paper, the author will propose a 
more simple treatment which is based on a 
band approximation and analyze the band 
structure of gamma-phase alloys in copper- 
zinc system. The analysis indicates that the 
gamma-brasses have no electron overlaps in 
the relatively low concentration-ranges of zinc 
but they have an overlap across the {411} 
planes in the higher concentration-ranges. 


$2. Experimental Procedure and Results 


All samples studied were prepared from 
copper of 99.99% and zinc of 99.9% pure. 
These alloys were melted in almina crucibles, 
and were sucked up into thin quartz tubes 
of about 2mm in diameters. They were 
sealed in quartz tube with argon gas and 
annealed at 650°C for two weeks in order to 
be homogenized, then quenched into cold 


Seiichiro NOGUCHI 


(Vol. 16, 


water. Although an appreciably long wire 
are desirable as the specimen for ordinary 
thermoelectric measurements, the brittleness 
of the gamma-brasses prevents us to obtain 
such a long wire of these alloys. The sam- 
ples measured in this investigation are not 
longer than 10cm. Hence, a _ differential 
method has been employed for the present 
measurement instead of the ordinary one. 
The alloy-rod and a constantan wire are placed 
parallel to each other and copper leads are 
welded to both of them in a way which is 
presented in Fig. 1. When one end of the 
sample is heated to produce the temperature 


Copper Block Constantan Wire Copper Block 
] — 
Copper AN S 
Wire Sess 
5 Specimen Rod =I 
Heater Copper Plate } SS 


Fig. 1. Schematic diagram of the arrangement 
used on the thermoelectric measurement. 
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Fig. 2. The thermoelectric voltage of the gamma-brasses against copper 
as a function of temperature-difference. 
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difference, the potential difference between 
the two ends of the sample can be measured. 
The temperature differences up to about 30°C 
are measured from the potential difference of 
the constantan-copper thermo-couple. The 
thermoelectric power of nine gamma-phase 
alloys against pure copper are thus measured 
at room temperature (see Fig. 2). 

The absolute thermoelectric power of the 
samples are then obtained by adding the 
absolute thermoelectric power of pure copper, 
0.83 uV/deg, obtained by Cusack and Kendall®). 
The results are presented in Fig. 3 asa func- 
tion of composition of the alloy. 
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Fig. 3. The absolute thermoelectric power of the 
gamma-brasses as a function of composition. 


§3. Discussion 
A. Band-model approximation 
As long as the initiation or extinction of 
bands are concerned, the following assump- 
tions may be justified: (1) Each band re- 
ferred to has relatively small number of elec- 
trons. (2) The band has the standard form. 
If the electrons of an alloy are distributed 
‘over a number of bands each of which has 
the standard form, we can write the thermo- 
electric power in the form 


Dy SY 


where o; and S; are conductivity and thermo- 
electric power, respectively, when only one 


S= Go 
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band is present®. 

The relaxation time of the electrons can 
be expressed from the separate relaxation 
times associated with the various electronic 
scattering processes. It is assumed that im- 
purity or solute scattering and thermal scat- 
tering are primarily responsible for coupling 
between the carriers and the lattice. For 
impurity scattering, the energy dependence 
of the relaxation time is proportional to E-/2, 
where FE is the energy of carriers. On the 
other hand, the energy dependence of the 
relaxation time for thermal scattering is 
usually expressed to be cr ~F&*/2, but if the 
band occupation is less than one quarter car- 
rier per atom, then we have ctr« E-!/2, 
Hence, the total relaxation time is proportional 
to E~'/? for a band which is occupied by a 
small number of carriers. For such a band, 
it can be derived that oS; is independent of 
the energy of electrons. When the overlap 
of a band 7 has just been initiated, the 
thermoelectric power can be expressed as 

> aS: er kT Cy/3mj*+ >, oS 
ely 5 ~ fey 
i pe Sod » eed 
4 a) 
(2) 


where C; is a parameter independent of the 
energy. For the difference of the thermo- 
electric power just before and after initiation 
of a band 7, we have 


eh? TCs ( 
3mj* >) o% ; 


4S = 


(Se) 


This indicates that the initiation of an elec- 
tron overlap gives rise to the discontinuous 
change of the thermoelectric power. 

In the case of the extinction of a band, for 
instance, k, we can discuss in a similar way. 
The difference of the thermoelectric power 
just after and before extinction of a hole is 
obtained as follows; 

_ —en?k? TC 


=- (4) 
3mx* >) 0 
tk 


The extinction of a hole causes the disconti- 
nuity of the thermoelectric power which is 
in the same direction as in the case of the 
initiation of an overlap. 
B. The application to the gamma-phase alloys 
The gamma-phase alloys behave like semi- 
metals, namely they are hard, brittle and 
highly diamagnetic”. It should therefore be 
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expected that a Brillouin zone of the gamma- 

alloys is only just capable of accommodating 

the valency electrons, so that their Fermi 

level is everywhere near the zone boundary. 

The Brillouin zone polyhedron, shown in Fig. 

4, has thirty-six sides at a distance 3// 2 2/a 

trom the origin, and is nearly a sphere. This} 
polyhedron can contain exactly ninety elec- 

trons per unit cell, while the inscribed sphere% 
can contain eighty. The typical composition 

of the gamma-brass is CuzZnsz:, which has 

eighty-four electrons per unit cell. Therefore 

the Fermi surface must be very close to the 

zone boundary. 


aN 
\pa/\\ 
aS [J 


Fig. 4. The first Brillouin zone of the gamma- 
brass. a, b and c represent the three kinds of 
the corners. 


The electron near the corners of the poly- 
hedron may behave as electron holes which 
are classified into three kinds by their posi- 
tion in the Brillouin zone. When the electron 
number of these alloys is increased, the extinc- 
tion of the holes of these three kinds may 
take place at electron concentrations which 
are not so different from each other, since 
the distance from the origin of the zone to 
the corners are nearly the same. 

The results of the present measurement 
show a discontinuous change of the thermo- 
electric power at the composition between 
64.4 and 65.4 at.% Zn. The alloy of this 
composition has about 85.8 electrons per unit 
cell which are considerably less than ninety. 
The discontinuity should therefore be attri- 
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buted to the initiation of an electron overlap 
into the second zone in this composition. 
The polyhedron has the faces of two dif- 
ferent types, i.e. {411} and {330}. As the 
both types of the faces have the same dis- 
tance from the origin of the polyhedron, the 
overlap occurs into the second zone across the 
face in which the.energy gap is less than 
that in another. According to the X-ray 
data”, it has been shown that the energy 
gap for {411} plane is appreciably less than 
that for {330} plane. Then the discontinuity 
may be interpreted as the initiation of the 
overlap across the {411} plane. 
Conclusion 


§ 4. 


It is the purpose of this article to point out 
that the initiation and the extinction of a 
band always give rise to a discontinuous 
change of the thermoelectric power by mak- 
ing the only assumption that all the bands 
referred to are of standard form and are 
occupied by relatively small number of car- 
riers. The interpretation is substantiated by 
the results of the thermoelectric measurement 
of the gamma-phase alloys in which some 
electron overlap into second zone is expected. 
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The induced magnetic anisotropy of iron films formed on silica sub- 
strates by evaporation in a magnetic field was measured by torque 
magnetometer. The results obtained are as follows: (1) The axis of 
easy magnetization does not coincide with the direction of magnetic field, 
Ha, applied during evaporation and the direction of this axis is considera- 


bly changed from specimen to specimen. 
constant, K,,, does not depend on Hy. 
K, decreases with increasing sub- 


function of the film thickness. (4) 


strate temperature and begins to increase again at about 300°C. 
tends to vanish after a prolonged magnetic annealing. (6) 


(2) The uniaxial anisotropy 
(3) It is difficult to get K, as a 


(5) Ku 
Estimated 


values of the rotational hysteresis integral range between 1.3 and 2.4 


for all films examined. 


In order to investigate the origin of the uniaxial anisotropy, several 
factors are discussed. The directional ordering of imperfections may 


be probable. 


It may be necessary, 


however, to consider the minute 


structure of evaporated films for discussing the origin in question. 


$1. Introduction 


For the last several years many papers 
have been published on ferromagnetic thin 
films. Most of them concern fundamental 
studies. For example, electrodeposited or 
evaporated films of Iron, nickel or cobalt 
were investigated experimentally by Reimer”, 
Andra, et al?) and Knorr and Hoffman®), and 
magnetic domain pattern as well as_ the 
magnetic anisotropy was studied by Willams 
and Sherwood’. Evaporated films of iron- 
80% nickel, i.e., of permalloy, were, on the 
other hand, made an object of investigation 
of the dynamic magnetic behaviour in 
U.S.A.®”, and the effect of preparation condi- 
tion on this behaviour was mainly studied®. 
The studies on permalloy films are closely 
related to memory cores of the computer and 
are considered to be very important and use- 
ful from a viewpoint of application of thin 
films, though a successful application seems 
not yet to be done”. It will be reasonable 
under the above circumstances that the 
studies on thin ferromagnetic films are now 
being started in many of laboratories in our 


* Now at The Central Research Laboratory, Fuji 
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country. 

It seems, however, that very few systemat- 
ic studies have been done on the relation 
between magnetic properties and various pre- 
paration conditions of thin films and that the 
direct measurement of the magnetic aniso- 
tropy of films has very rarely been done ex- 
cept the study by Andra etal.?} Thus, an 
investigation was undertaken in our labora- 
tory, in order to inquire systematically into 
the origin of the magnetic anisotropy of 
evaporated films formed in a magnetic field. 
The present paper concerns evaporated iron 
films only and describes chiefly experimental 
results obtained by the torque measurements 
under various conditions of film preparation. 
The thorough investigation on the origin of 
the magnetic anisotropy will be done in the 
future. 


§2. Experimental 


An evaporation chamber as shown in Fig. 1 
was used. The temperature of the substrate 
onto which metallic iron is evaporated is able 
to be raised by an electric furnace directly 
wound on a silica tube. This furnace con- 
sists of nichrom wire which is non-magneti- 
cally wound. It was confirmed by a fluxme- 
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ter that no appreciable magnetic field was 
induced at the substrate position by the 
furnace. The magnetic field required was 
generated by an electromagnet which was 
removable from the position illustrated in 
Fig. 1 whenever desired. The maximum 
field attainable was 2,5000e. ‘A disc of 
fused silica 13mm in diameter with a handle 
150mm long was almost always used as the 
substrate. A mark is bored in the disc, so 
that the direction of the magnetic field ap- 
plied during the evaporation was easily known. 


(Electro- |B 
magnet) |A . 


Fig. 1. 


: tungsten filament, 

: furnance, 

: substrate holder made of quartz, 
: substrate, 

: Pt-Pt-Rh thermocouple. 


Evaporation chamber. 


uHonmys 


The surface of the disc was finely finished 
so as to be optically flat, and it was suffi- 
ciently cleaned with acid and baked at 500°C 
in vacuum before the evaporation. The 
evaporation chamber was outgassed overnight 
and the degree of vacuum was maintained at 
1x10-*mm Hg during the evaporation. Iron 
was evaporated from a wire 0.07 mm in dia- 
meter laid in a small tungsten filament. The 
duration of evaporation ranged from several 
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ten seconds to two minutes. The thickness 
of films was estimated from evaporated quan- 
tity of the metal. 

A torque magnetometer used is an shown 
in Fig. 2. The measurements were carried 
out by the usual method but in vacuum of 
about 10-* to 10->mm Hg. The torque value 
was obtained from. difference between the 
value for the substrate with an iron film and 
that for the substrate alone the film on which 
was dissolved away by agua regia. The 
available maximum field was 4140e, a 
Helmholtz coil being used as a field source. 
The mean of torque values obtained from 


Fig. 2. Torque magnetometer. 


S1,Se: circular scale, 

: phosphor bronze wire, 

: mirror, 

: telescope, 

: copper block, 

: oil damper, 

: thermocouple, 

: Helmholtz coil, 

: substrate with an evaporated film, 
: ball bearing. 
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the clockwise (cw) and the counter-clockwise 
(ccw) rotation of the specimen was used as a 
torque value under various measuring fields. 
(See Fig. 12(a)). The substrate was joined 
with a phosphor bronze wire 0.06mm in di- 
ameter and 29.2cm in length. The torsion 
angle was measured by mirror and telescope, 
the distance between which was 130cm. The 
sensitivity was 5x10-‘ dyne-cm/mm. 

The accelerating voltage of [electron dif- 
fraction was 50KV and the camera length 
was 309 mm. 


$3. Results 

1. Measurements of the uniaxial anisotropy 
energy 

As is well known, ferromagnetic films 


formed in magnetic field show the uniaxial 
anisotropy”), In the present study, the 
anisotropy energy was obtained through the 
torque measurements as a function of the 
magnetic field applied during deposition, Ha, 
the thickness of films, D, the temperature of 
the substrate during deposition, fs, and the 
material of the substrate. The torque meas- 
urements were always done two or three 
hours after deposition of films. The back- 
ground of torque curves sometimes influences 
seriously the accuracy of torque measure- 
ments, but there seemed to be only low 
background in most of measured curves in 
the present experiment. Fig. 3 is one of a 
few examples, in which the considerably high 
background was found. 


| Sed) 
180 240 300 360 
Angle, 8 (degree) 


Arbitrary scale (mm) 


Fig. 3. Torque curves measured under the field 
of 414 Oe. 
©, x: film thickness=200A. 
@: substrate only. 


i) Relation between the torque and Ha 
Keeping the substrate temperature at 20°C 
and the film thickness at 600A, the torque 
was measured, changing Ha from 0 to 2510 
Oe. The result is shown in Fig. 4. It should 
be noted that a marked anisotropy with two- 
fold symmetry is observed even when Ha is 
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zero. The curves show that the Ha direction 
lies not along the axis of easy magnetization 
but rather near the axis of difficult magneti- 
zation. After the torque has reached the 
minimum value at Ha=2500e, it again in- 


creases with increasing Ha. As the measur- 
ing field, Hm, was so low that the torque 


Torque, Lxl0™> dyne-cm/cc. 


On NN So. OF Nn 


(0) S08 160 90 
Angle,@ 


120 180° 
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Fig. 4. The torque curves of films 600A in thick- 
ness, formed under various field strength. The 
measuring field strength was 414 Oe. 
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Fig. 5(a) Induced anisotropy constant plotted 
against Hg. 


(b) Angle |6| between the Ha direction and 
the axis of difficult magnetization, plotted 
against Hg. 
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curves were not represented by siné@, the 
curves were analyzed by Fourier method and 
the coefficient of sin2@ was plotted as a 


L xlO® dyne-cm/c.c. 


Torque. 


(20 
Angle, @ 


Variation of torque curves with film 
thickness. 


180 240 300 360° 


Fig. 6. 


©: substrate temperature was held at t= 
20°C, Ha=250 Oe. 

x: substrate temperature was held at t,;= 
300°C, Ha=250 Oe. 
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function of 1/H» and extrapolated into Hm— 
co, This extrapolated value, Ku, is plotted 
against Ha in Fig. 5(a), and the angle, |d|, 
between the Ha direction and the axis of dif- 
ficult magnetization is plotted against Ha in 
Fig. 5(b). As seen from this figure, the 
values of |6| are scattered with varying Ha. 


ii) Relation between the torque and the film 
thickness 

Fig. 6 gives the variation of the torque 
with the film thickness at ts=20°C and ts= 
300°C and at Ha=2500e. The Ha direction 
is in the neighbourhood of the axis of dif- 
ficult magnetization in the case of ts=20°C, 
while it nearly coincides with the axis of 
easy magnetization in the case of ts=300°C. 
From these torque curves the anisotropy 
energy was calculated. The coefficient of 
sin@, Ki, was obtained by extrapolating to 
Hm—-o in the same way as in Ku. The 
values of Kz and K: are summarized in 
Table I and plotted in Figs. 7(a) and (b). It 
is remarkable that measured torque values 
are considerably scattered in the thickness 
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Figs. 7(a) and (b). Anisotropy constant plotted 
against film thickness. 


Table I. Relation between the anisotropy constant and the film thickness at ts=20°C. 
rates Te is i a aaa : : 
Anisotropy (A) | 200 300 400 - 500 600 800 1000 2000 
constant | 
Ky x 10-8 ic x | | | <hoil  aateae 
i erg/c.c | 0.3 0.7 0(0.3*) | 0.4 | 0.3(0.3*)| ~0 | ~0(0.5*) | (0.5*) 
‘ee — he Shyer ae aon ns U tort) 2h ly uri, | 
Kyx0-*ergic.c. | 1.4~3.4 | 2,9~3.2 ae | 1.9 | 2.6(0.5*) | 3.2 3.0(0.7%) | (0.4%) 
— seal — re : — i ee! 


- t,=300°C, 
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range below 500 A, especially, at ts=20°C. It 
is very difficult, therefore, to get Ku asa 
function of the film thickness. 


iii) Relation between the torque and the sub- 
strate temperature 

The torque was measured for the films 
evaporated under various substrate tempera- 
tures. In this case, the film thickness and 
Ha were fixed at 600A and 250065, respec- 
tively. Ha was continuously applied until the 
substrate was cooled down to room tempera- 
ture after the evaporation. As soon as the 
evaporation was finished, the furnace cur- 
rent was switched off. The temperature fell 
down from 300°C to room temperature in 
about 45 minutes. Fig. 8 shows the change 
of the torque with the substrate temperature, 


Torque, Lx!0° dyne-cm/c.c. 


4 4 {_t 4 
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[20 180 240 300 360° 
Angle. 9 

Fig. 8. Change of the torque curve with the sub- 
strate temperature, ts. The thickness of films 
was 600A and Ha was 250 Oe. 
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ts. The Ha direction lies between the axis 
of easy magnetization and that of difficult 
magnetization but approaches the former axis 
with increasing ts. The curve shows a good 
two-fold symmetry at ¢ts=20°C. It is deform- 
ed and lowered in its amplitude with increas- 
ing ts but again recovers its amplitude at ts 
=400°C. The anisotropy energy obtained 
from Fig. 8 is plotted against ¢s in Fig. 9. 


he 
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Fig. 9. Relation of the anisotropy to substrate 
temperature. 
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Fig. 10. Torque curves obtained after annealing 
in a magnetic field for various durations at 
200°C. Film thickness was 600A, ts 200°C, Hy 
250 Oe and annealing magnetic field, H , 250 Oe. 
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Figs. 11(a) and (b). Magnetic anisotropy plotted 
against the magnetic annealing time. 
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Fig. 12(a). Torque curves under various measuring fields. 
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A temperature at which Ky, attains the mini- 
mum value seems to be a little above 300°C, 
while Ki is nearly constant, independent 
of ¢s. Numerical values of the anisotropy 
energy at various substrate temperatures are 
summarized in Table II. 
iv) Annealing of films in magnetic field 
Films 600 A thick were formed under the 
field Ha=250 Oe at ts=200 or 300°C. They 
were annealed for several hours without in- 
termission of the applied field and the heat- 
ing. An example of the results obtained is 
shown in Fig. 10. The anisotropy energy, 
Ku, was calculated from this figure and is 
shown in Figs. 1l (a) and (b). The magnetic 
field applied during annealing, H., is 250 Oe 
in Fig. 11(a) and 1700Oe in Fig. 11 (b). In 
these cases, the Hz direction does not coincide 
accurately with the axis of easy mag- 
netization at the early period of an- 
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these figures that the torque curves are 
expressed by sin@ term in low measuring 
fields but by sin20 term in high measur- 
ing fields. Furthermore the torque difference 
is constant independent of @ in the lowest 
and the highest measuring fields. A similar 
behavior was found in powder magnets by 
Jacobs and Luborsky®. In Figs. 12(b) and 
(c) the area surrounded by the curve and the 
abscissa between 0° and 360° is denoted W,.. 
This is called the rotational hysteresis loss. 


2x =y 
This corresponds to Td0@, where T is 3(L 
0 


=p), W, is related to Hm in Fig. 13. It is 
negligibly small at small Hm but abruptly in- 
creases with increasing Hm and attains the 
peak value. The field strength giving this 
peak is called the anisotropy field, H». The 
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nealing but approaches this axis as the 
annealing proceeds, and then the an- 120 
isotropy tends to vanish after a long _ 100 
duration of annealing. 8 
v) Influence of the substrate material - 60 
upon the uniaxial anisotropy = 40) 
The exchange of the substrate from $ 
silica to glass gave some change to the S ee 
anisotropy constant. For example, © ° 
with a glass substrate Ku was 0.7x 2160 
10%erg/c.c. at ts=20°C and 0.6x10° $40 
erg/c.c. at 300°C when the thickness 20 
was kept at 600A and Ha at 2500e, = 
while K, was 2.610% erg/c.c. with a So 
silica substrate at ts=20°C. 2 80 
2. Rotational hysteresis loss “ 60 
The torque was measured in clock- 40 
wise and counterclockwise directions 20 


at the film thick ness of 600 A and at O 
Hy=250 Oe, Hm being changed from 
4.14 to 4140e. The mean value of 
clockwise and counterclockwise meas- 
urements was adopted. Fig. 12(a) 
shows the results obtained, ¢s being 
kept at 20°C. The half of the torque 
difference between the clockwise and 
counterclockwise values which were 


denoted L and it was plotted against 
the angle at various Hm values. This 
relation is represented in Figs. 12(b) 
and (c), where the influence of f¢s is 
clearly seen. It is easily seen from 


Rotational hysteresis loss, 


—— 2. 
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Fig. 13. 
of measuring fields for films with various values of 
thickness, 
250 Oe. 
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evaporated at t;=20°C and 300°C in Hyg= 
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values of rotational hysteresis integral, 


| (waltaaytn, are opraned from aries 12 
0 


and shown in Table III for films prepared 
under various conditions. Js in the integral 
means the saturation magnetization and was 
assumed to be 1710 gauss which was the 
same value as for bulk material. W, slowly 
decreases after passing the peak but does not 
vanish even at the maximum field, 414 Oe, 
attainable in the present experiment. It is 
thus clear that this maximum field is insuf- 
ficient, though it was expected at the begin- 
ning of the present study that this field 
would be sufficient. The relation between 
Hy, and the film thickness is shown in Fig. 14 
and Table IV. Fig. 15 shows the influence 
of ¢s upon the W,—Hn curves. From this 
figure the relation between H, and fs is ob- 
tained and shown in Table V. It is plotted 
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Thus the H,—ts relation is likely to correspond 
to the Ku—ts relation. — 


° 0a. 200.300 400 
Tamperature(*C) 


Fig. 16. Hy, obtained from Fig. 15 as a function 
of the substrate temperature. 


3. Structure examination by electron diffrac- 
tion 

The structure of evaporated films was ex- 
amined by the reflection method of electron 
diffraction. The two directions of the incident 
beam were used, i.e., one is parallel with the 
Ha direction and the other is perpendicular 
to this. In all cases the diffraction pattern 
was not different between these two direc- 


in Fig. 16 which much resembles Fig. 9. tions. This fact means any fibrous structure 
not to be detected in the films examined. 
60 
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Fig. 14. H» obtained from Fig. 13 as a function 
of the film thickness. 
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Photo. 1. Electron diffraction pattern of 
| iron film formed in magnetic field. 
D=200A, ts=20°C. 
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Rotational hysteresis loss observed as a function 
of measuring field for films formed at various temper- 
The film thickness was 600A and Ha=250 Oe. 
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Photo. 2. Electron diffraction pattern of 
iron film annealed at 300°C for lhr 
D=2000A, t,=20°C 
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Table III. The values of the rotational hysteresis integral at various values of thickness, 
substrate temperature and annealing time at 200°C. 


| 
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D (A) 200 300 400 500 ~~ 600 800 1000 2000 


[He a(1.) ts= 20°C e008 | 171 | Meare Mees ey ce ee eirS, we 
eeu se Po LON [er seca pes 149: jrqns*ine| f1s80 = teiede29- 5} pli66 
_ ts CC) (D=600A) Pepa le 200 | 300 L 350 400 | 
Wa 04 shaislt |. aaltcmee. | | | 4 oan 
(ar 4() | 1.50 | 2:06 | 1:30 | Y.27 | “1.48 | 
a ing Vie Letsoote | amare | zane | rr er ren ore 
(D=600A, ts=200°C) ~0 | Lhour | 2 hour | 
W, 1 Ta 7 i. | 7 7 = | = ae << aa 
{iF a(=) | 2.06 | 1.67 | 2.38 | | 


Table IV. Relation between the anisotropy field, Hy», and the film thickness. 


Thickness (A) 200 300 | 400 | 500 600 800 1000 | 2000 
-~ 3 oi i —— ae — “- = =. u = _< = = ——- | Es — y 
| t;=20°C | 22 25 32 | 32 25 25 38 
| | 
Hy (Oe) |__| an a rn oe : 
i= 300°C. | ri ae con (taal Saale d) 
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Table V. Relation between the anisotropy field, or less related to the origin: (1) Formation 
Hp, and the substrate temperature, ts. (D=600A) of crystalline texture, (2) anisotropic planar 
v "4 stress caused by the difference in the expan- 


ts (°C) 20 200 300 350 400 sion coefficient between film and substrate 
ve. oT i ~~~ material, and (3) directional formation of 
Hy (Oe) 25 13 15 21 41 lattice imperfections such as impurity atoms, 


— ———--—- vacancies, dislocations and stacking faults, 
etc. Some discussions will be done on these 
possibilities in the following. 

(1) According to Knorr and Hoffman*’, the 
formation of the fibrous structure in evaporat- 
ed thin films is responsible for the induced 
magnetic anisotropy. They formed iron films, 
evaporating with a relatively large incidence 
angle, and obtained a very large anisotropy 
energy (4x10 erg/c.c.). In the present study, 
however, the formation of the fibrous texture 
§4. Discussion was not expected, because the evaporation 
was carried out under the normal incidence. 


The pattern yielded body-centred cubic rings 
characteristic of the low temperature phase 
of iron, when ts was 20°C, as shown in 
Photo 1, but faint diffuse rings were found 
besides iron rings, when ts was 300°C. Diffuse 
rings also appeared when films formed at ts 
=20°C were annealed at 300°C, as shown in 
Photo. 2. These faint rings seem to have 
been caused by FeO rather than by FesOu. 


For the origin of the magnetic annealing 
effect of alloys, the atoms pair orientation Actually, this texture was not detected by 
theory has been proposed by Néel”) and inde- electron diffraction, as already described in 
pendently by Taniguchi!” and Chikazumi'”. §3, and the magnitude of the measured an- 
Although the origin of the induced magnetic isotropy energy was much smaller than that 
anisotropy in thin films of pure metals and obtained by Knorr and Hoffman. It is sure 
alloys evaporated in a magnetic field is not that the fibrous texture caused by the oblique 
yet thoroughly made clear, the following incidence of metallic vapor contributed con- 
three factors may be considered to be more siderably to the increase of the induced an- 
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isotropy. It is obvious, however, that the 
anisotropy in the present experiment . may 
have to be explained in another way. 

(2) As the second possibility, an anisotro- 
pic planar stress caused by the magnetoelas- 
tic coupling constants and the difference in 
thermal expansion coefficients between metal 
film and substrate may be considered, as re- 
ported by Macdonald’. The magnitude of 
the anisotropy caused by this effect, if it ex- 
ists, must depend on the substrate material 
and decrease with increasing film thickness. 
In order to see the effect of the difference 
in thermal expansion, discs of silica and of 
glass were used as the substrates in the pre- 
sent study, because glass has almost the 
same linear expansion coefficient, about 1.2 
x 10->deg-!, as metals, while silica has a 
very small coefficient, i.e. about 0.06x10- 
deg-!. A little dependence of the magnetic 
anisotropy upon the substrate material was 
found when the substrate temperature was 
20°C. When this temperature was raised to 
300°C, on the other hand, no effect was ob- 
served. The dependence of the anisotropy 
on the film thickness was not definitely ob- 
served. At any rate, the anisotropic planar 
stress connot be thought to be a powerful 
possibility. 

(3) The directional ordering of lattice im- 
perfections seems to be related to the mag- 
netic anisotropy, too. This mechanism has 
already been proposed by Williams and Sher- 
wood’) and by Andra e¢ a/]®) in terms of the 
spontaneous magnetic anisotropy. In general 
evaporated films contain a large number of 
lattice imperfections in an as-deposited state. 
When thin films are formed in magnetic 
field, the anisotropic alignment of lattice im- 
perfections may occur as a result of existence 
of magnetostriction and give rise to the uni- 
axial magnetic anisotropy. Hoffman, Daniels 
and Crittenden!) measured the intrinsic stress 
in thin evaporated metal films as a function 
of temperature during evaporation and of sub- 
sequent annealing and concluded that the 
number of lattice imperfections decreases 
with increasing temperature below about 
300°C but increases above this temperature. 
Based on their conclusion, the following two 
results of the present study may qualitative- 
ly be explained; (i) change of the magnetic 
anisotropy with the subtrate temperature 
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(Fig. 9) and (ii) disappearance of the aniso- 
tropy after the prolonged magnetic annealing 
(Fig. 11). The magnetic anisotropy is thus 
strongly related to the lattice imperfections. 

After all, the last one of the above three 
possibilities may be probable, but a definite 
conclusion will be unable to be drawn before 
more detailed experimental investigations 
will be done. It may also be necessary to 
consider a minute structure of evaporated 
films for discussing the origin of the uni- 
axial anisotropy. If individual crystallites, 
several ten A in_ size, constituting the film 
structure, are coated with non-magnetic thin 
layer, e.g. with oxide, and separated from 
one another, the film may be considered asa 
powder magnet. Using the saturation magne- 
tization (Js) of 1710 gauss for bulk iron, the 


rotational hysteresis integral, | (W,/Is)\d/A), 


was estimated for the present experiment. 
The estimated values of this integra], rang- 
ing from 1.3 to 2.4, coincide very well with 
those which Jacobs and Luborsky calculated 
for powder magnet using the fanning model 
with chains of spherical particles. This 
coincidence seems to support the assumption 
that a film is composed of individual crystal- 
lites coated with oxide. 


The authors are indebted to Mr. Y. Sugai 
for preparation of the specimens and for 
helping the torque measurements. 

The present investigation has partly been 
supported by the fund of the Ministry of 
Education in Aid of Scientific Researches. 
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Heat treatment centers introduced in silicon were observed by measuring 
a minority carrier lifetime. Immediately after quenching, a donor-like 
level at 0.34 eV from the valence band was observed. This level was 
transformed into several kinds of recombination levels during the anneal- 
ing process at room temperature, one of which was located at a distance 
larger than 0.45+0.05 eV from the band edges. Other transformed centers 
having a small activation energy could not be explained by Shockley-Read 
formula. These observed properties have a good correspondence with 
those of iron, so that, it is reasonable to consider that thermally introduced 
center is iron, and that iron acts asa recombination center even when it 
is inactive to electrical conductivity. This result is consistent with pre- 
viously reported properties of heat treated silicon. 
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Introduction 


§1. 


Diffused p-m junctions are usually produced 
in silicon by heat treatment in a quartz tubes at 
temperatures above 1100°C. Such a treatment 
lowers the carrier lifetime extremely even 
when diffusant impurities are absent. It is 
said that changes in lifetime are due to dif- 
fusion of impurities from the sample surface 
having a large diffusion constant of about 
Or iem2isecrh 

In a heat treated silicon crystal, an iron 
donor level was found from the temperature 
dependence of Hall coefficient” .*, but a level 
close to a copper donor level was observed 
from the temperature dependence of the mi- 
nority carrier lifetime. The recombination 
level ina heat treated p-type crystal reported 
by Ross and Madigan‘ is located between 
0.063 eV from the valence band, and the 


levels obtained by Galkin” and by Carlson® 
are located at a distance of about 0.13 eV 
from the valence band. Even in “as-grown” 
crystals, these levels were observed by Bittman 
and Bemski®. They suggested from these 
energy levels that among the impurities which 
are responsible for the lifetime, copper is the 
most prominent. However, according to the 
Hall coefficient measurements the density of 
the thermally introduced copper donor is less 
thane al 0Lemis? 2°)" 

Recently, Blakemore” showed that the ac- 
tivation energy of about 0.18 eV obtained 
from the lifetime measurements might be due 
to a resultant of two separated levels which 
were located at 0.34 eV from the valence band 
and at 0.54 eV from the conduction band and 
suggested that the 0.34 eV level was a gold 
donor level and that the 0.54 eV level was 
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an iron donor level or an unknown transition 
metal donor level. His result is most probable 
because these levels correspond to actual im- 
purity levels. 

If the resultant of several deep levels is 
regarded as one recombination level, the re- 
sultant activation energy will be smaller than 
each activation energy. In quenched silicon 
crystals, such a circumstance would be ex- 
pected. The recombination level ina quenched 
crystal giving low activation energy may be 
a resultant of several deep levels. 

In order to clear these situations, the meas- 
urements of the minority carrier lifetime were 
carried out with grown junctions which were 
heated at 1100°C in oxygen for 30~60 minutes 
and quenched by dropping into ethylene glycol. 
It was found that the level of the thermally 
introduced recombination center was appar- 
ently an iron donor level rather than a copper 
donor level. 


§2. Experimental 


The grown junctions made from duPont 
grade I silicon by doping boron and _ phos- 
phorus during growth of crystals were used. 
Resistivities of the sample are lying in the 
range of 0.05 to 47 2-cm. Usually, as the 
resistivity of the one side of the junction is 
very much lower than that of the other side, 
the forward current is carried by one kind 
of minority carrier, whose lifetime is to be 
measured. Resistivities of each side of junc- 
tions ane minority carrier lifetimes of the 
samples before heat treatment are shown in 
Table I. 


Table I. Resistivities and Lifetimes of the Samples 
before Heat Treatments. 


| Resistivity | Lifetime in 


eae Er as. eS —— high resisti- 
; | p-type side | m-type side  vity side 
I | 14.0 2-cm 0.05 Q-cm | 50 psec 
Il 5.5 9 O07evtcr eller Ssie 
ll | 0.04 -» 5.9 ” AS per 
a 


0.07 » 47.0 ” 30 7 


Carrier lifetimes near p-n junctions were 
measured using Kingston’s®) method, based 
on dependence of the junction recovery time 
on carrier lifetime. This method does not 
depend on the analysis of the shape of the 
observed curve. Ifa junction is biased in the 
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forward direction and suddenly changed into 
the reverse direction, the junction is sustained 
in a short circuit state immediately after 
reversed. The short circuit current is limited 
by external circuit. The time sustained in a 
short circuit state ¢ is determined by the 
forward bias current J;, the reverse short 
circuit current J;, and the minority carrier 
lifetime c. The relation among those quanti- 
ties was given by Kingston® as follows; 


es 1 
ey Py a ee 
ef (/2 ) ane 


Hence, if J,/J; is constant, t equals to ¢ multi- 
plied by some constant. 

The dependence of minority carrier lifetime 
on excess carrier density 6” is determined by 
the forward bias current J; as follows; 


én=1,V t/V DSq, (2) 


where D is the diffusion constant of minority 
carrier, S is the junction area, and g is the 
electronic charge. 

In order that the measurements can be 
carried out precisely, 7; must be carried by 
one kind of minority carrier only, and the 
saturation backward current Js) must be negli- 
gible compared with J,. In several samples, 
it was confirmed that the emitting efficiency 
which was calculated from the relation be- 
tween the forward current J; and the forward 
voltage V; of the diode was greater than 0.99 
and that Js) was much smaller than /,. 

Kingston’s method is not satisfactory to 
measure the dependence of t on 6n, since 
Eq. (1) is not valid, when zc varies with én. 
zt Can not be expressed in a simple form when 
ct depends upon 6z. However, when zt does 
not depend too much upon 6n, Eq. (1) and Eq. 
(2) can be used approximately. Particulary, 
in the case where ¢ is much smaller than rc, 
dependence of < on 6m can be determined 
more precisely. As the lower limit of ¢ was 
restricted by the rise time of the apparatus, 
the measurement was carried out under the 
condition where J,=J;, or r~4t. 

On the other hand, as it was more con- 
venient to measure the dependence of the 
lifetime on excess carrier density using Kala- 
shnikov and Penin’s®) method at low injection 
level, this method was also used to compare 
with the result obtained by Kingston’s method. 
At low injection level, both methods showed 
good agreement. 


ey 
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The dependence of the lifetime on tempera- 
ture was measured using the cryostat shown 
in Fig. 1. An electronic temperature con- 
troller was used to maintain the sample box at 
a constant temperature within the accuracy 
of 0.5°C during the measurement. These 
apparatus can change the temperature of a 
sample from 200°K to 400°K in 20 minutes. 
If the temperature of a sample could not be 
changed rapidly, the permanent changes of 
the lifetime would be caused during the meas- 
urement. Usually, the measurement was car- 
ried out in 30 minutes or 40 minutes, and it 
was assured that the lifetimes at room tem- 
perature were kept unchanged before and after 
the measurement. 


30-2V 
coaxial cable 


uA 


4+———— liquid Ne 


3 TT —  heoter 


-+— somple 
~ resistor 


junction 


Fig. 1. Cutaway view of the cryostat. 

As lead wires to the sample, 3C-2V coaxial 
cables were used to avoid the ringing current 
of the circuit. Maximum value of the ringing 
current due to diode capacity and lead wire 
inductance was suppressed below 30% of the 
reverse short circuit current, and its duration 
was suppressed within about 0.05 psec. 

To measure the lifetime, Tektronix plug-in- 
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unit R and Tektronix 545 oscilloscope were 
used as pulse generator and oscilloscope. Rise 
time of the pulse was about 0.03 vsec and rise 
time of the oscilloscope was 0.012 psec. This 
circuit diagram is shown in Fig. 2. 


Mercury 


Relay Diode 


under Test 


Foward Bias 
Supply 


Reverse Bias 
Supply 


Oscilloscope 


Fig. 2. Circuit diagram measuring the minority 
carrier lifetime. 


Accuracies of measured lifetimes were about 
+0.012 usec at temperatures below 300°K and 
about =£0.025 psec at temperature above 300°K. 

The relation between the resistivity changes 
and the lifetime changes was measured by the 
four-point method and by the photoconduc- 
tivity decay method having an accuracy of 
0.5 usec. The photoconductivity decay method 
was also used to measure the dependence of 
the lifetime on heating temparature. 


Result 


The relation between the resistivity changes 
and the lifetime changes. 

The changes in resistivity of silicon by heat 
treatment are known to be due to the deep 
lying donor levels, and there is a marked 
relation between the lifetime changes and the 
resistivity changes. In order to observe this 
relation, a p-type crystal with an initial resis- 
tivity of 33 Q-cm and an initial lifetime of 
25 wsec was quenched after 1 hour heating 
at 1100°C in oxygen, and both profiles of 
resistivity and lifetime were measured. The 
decreases in carrier density obtained from the 
resistivity measurements and the increases in 
inverse lifetime were plotted against the dis- 
tance from the sample surface. These are 
shown in Fig. 3. These curves have a similar 
shape, and are well fitted by Fick’s law curve. 
So that, it is reasonable to consider that a 
donor impurity which diffuses into the crystal 
from the surface acts as recombination centers. 
Such an impurity hasa large diffusion constant 
of 10-°cm?sec-! at 1100°C as calculated from 


S33 
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Fig. 3. Near the surface of the sample, a 
curve showing the lifetime changes deviates 
from Fick’s law curve. It is probably due to 
both the accuracy of the measurements and 
the resistivity changes. 
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Fig. 3. Comparison of the changes in carrier 
density with the changes in inverse lifetime. 


(b) The dependence of the lifetime on heating 
time and heating temperature. 

The lifetime shows a monotonous decrease 
with increasing time of heating, although 
resistivity shows a complicated change. The 
changes in lifetime by heat treatment are 
larger in a p-type crystal than in an u-type 
crystal in the same way as the changes in 
resistivity. The temperatured pendence of 
the lifetime becomes different when the sample 
is exposed to successive heat treatments and 
when the cooling rate during heat treatment 
is changed. Rapid quenching produces simple 
recombination behaviors, but slow cooling 
caused complicated behaviors due to the in- 
troduction of several kinds of centers. It is 
reasonable to consider that the centers in- 
troduced during 'heat treatments are partly 
transformed into electrically inactive forms 
by annealing”®»).1%, and that even when they 
are electrically inactive, they affect the re- 
combination process. 

Fig. 4 shows the temperature dependence 
of the low level lifetime ct, in an n-type 
crystal which was exposed to successive heat 
treatments in oxygen at 1100°C for 15 minutes. 
The initial activation energy obtained from 
Fig. 4 was 0.25 eV. When heat treatments 
were repeated, temperature dependence of 7, 
at room temperature began to decrease, and 
the activation energy could not be obtained 
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on assuming that one kind of recombination 
center was active. 

Fig. 5 shows the same behavior in a p-type 
crystal whose initial activation energy was 
about 0.22 eV. After the first heat treatment, 
to was decreased to about 1/50 of its initial 
value, whose activation energy could not be 
determined. After several heat treatments, 
its low level life time ct). became less than 
0.1 psec, so that these life times are not shown 


O 


To (in psec) 


Fig. 4. Temperature dependences of low level 
lifetime in an n-type crystal (samle IV) which 
was exposed to successive heat treatments at 
1100°C for 15 minutes. (1) obtained in “as- 
grown” state; (2), (3) and (4) obtained after lst, 
2nd and 3rd heat treatment respectively. 
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Fig. 5. Temperature dependences of low level 
lifetime in a p-type crystal (sample I) which 
was exposed to successive heat treatments at 
1100°C for 15 minutes. (1) obtained in “as- 
grown” state; (2) obtained after 15 minutes 
heating: 
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in Fig. 5, because the precies measurements 
were impossible. 

On the other hand, the changes in resistivity 
in a p-type crystal reached to a maximum 
value after the first heat treatment, and de- 
creased gradually when heat treatments were 
repeated. 

Fig. 6 shows the dependences of the lifetime 
on heating temperature in p-type crystals. 
Curve A is obtained on a pulled p-type crystal 
with a resistivity of 33 2-cm and a lifetime 
of 20 usec which was heated at each tempera- 
ture shown by circles on the curve in Fig. 6 
for 30 minutes in oxygen and quenched. Curve 
B is obtained on the same crystal as curve A 
which was cleaned by ion bombardment prior 
to heat treatments and quenched by radiation 
after 30 minutes joule-heating in high vacuum. 
Curve C is obtained on a Merck’s p-type 
crystal with a resistivity of 250 2-cm anda 
lifetime of 1500 usec which was treated in the 
same way as the sample shown by curve B. 
Curve B and curve C show a filament lifetime 
and not a bulk lifetime. 

The decreases in lifetime shown on the curve 
A may be concluded to be due to the intro- 
duction of surface impurities, because these 
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Fig. 6. Lifetime as a function of heat{treatment 
temperature. (A) obtained on a pulled 33 2-cm 
p-type crystal heated in oxygen. (B) obtained 
on a pulled 33 2-cm p-type crystal joule-heated 
in high vacuum. (C) obtained on a floating zone 
250 2-cm p-type crystal joule-heated in high 
vacuum. 
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changes were not reproducible during heating 
and annealing cycles. Decreases of curve B 
at high temperatures are less than that of 
curve A and probably due to evaporation of 
impurities precipitated on the dislocation lines, 
because the changes shown by curve B were 
reproducible by heating and annealing cycles. 
But it is not clear what impurity has been 
contained. Curve C did not exhibit any change 
and the measured lifetime were probably de- 
termined by surface recombination only. 

These curves show without the impurities 
introduced from the surface, any appreciable 
changes would not be caused by heat treat- 
ment and that lattice defects also would not 
affect the lifetime considerably. 

As pointed out in the previous paper’, these 
results differ from those obtained by Law!”, 
who found the trapping centers by heat treat- 
ment. His centers are considered to be a 
different kind of center which might be origi- 
nated from the strain during the heating. 


(c) The energy level of the recombination 
center introduced by heat treatment. 

In order to determine the energy level of 
the recombination centers introduced, the de- 
pendences of the lifetime on temperature and 
on excess carrier density were measured. The 
samples which were heated in oxygen at 1100°C 
for 30~60 minutes and quenched by dropping 
into ethylene glycol, gave different result from 
those obtained with samples which were heat- 
ed in the same way and cooled slowly. The 
former was quite unstable even at room tem- 
perature and its electrical characteristic was 
changed into another one on heating at tem- 
peratures above 100°C for several hours. So 
that, the measurement must be carried out 
in 1 hour after quenching and the temperature 
of the sample must be kept below 100°C during 
the measurement. In order to avoid such an 
annealing effect, when lead wires were solder- 
ed to the sample, junction region was dipped 
in water lest the temperature of the junction 
should rise above 100°C. 

In p-type crystals, the densities of introduced 
centers are lying in the range of 5x10'* cm“ 
to 10'*cm-* immediately after quenching 
according to the resistivity measurement, so 
that these are negligible compared with initial 
majority carrier density of 10!°cm-*. In x- 
type crystals, the densities of introduced cen- 
ters would be expected to be the same as in 


1928 Toshihumi ASAKAWA (Vol. 16, 


p-type crystals, although these could not be Shockley and Read!” in a p-type crystal in 


measured directly. , the case of single recombination centers as 


The lifetime measured by Kingston’s method follows; 
is a steady state lifetime which was given by 


Tol Mo +7 +5n] + enol Po +p: t+Nepi(pot+ ps) *+4P) ea 
no tm+Npopi(potpr) +(podn+ pidp (Po + pi)" 


where 


m= Ne exp[—(Ee—E:)/RT], 

pi= No exp [—(E: — Fo)/RT], 

dn=density of excess electrons, 
dp=density of excess holes, 

M=density of electrons, 

po=density of holes, 

No=density of recombination centers, 
E.=energy level of recombination centers, 
E»v=energy level of the valence band edge, 


FEe=energy level of the conduction band edge, 
No=density of states in the valence band, 
N-e=density of states in the conduction band, 
tno lifetime in a strongly p-type crystal, 
teo=lifetime in a strongly n-type crystal. 


In an n-type crystal, lifetimes are obtained 
by exchanging m and p. 

Usually 6m does not equal to df, but if N; 
is small compared with other quantities and 
no trapping occurs at the recombination cen- 
ters, 0” equals to dp, so that Eq. (3) is reduced 
to Eq. (4). 

= T po(Mo +m +tno( Po +p1)+6n(T po +Tno) 
No+po+on 
In our experiment, N; is about 10% of ma- 
jority carrier density, so that Eq. (4) may be 
valid. 

Furthermore, if the recombination level is 
lying in the lower half of the energy gap, the 
the lifetime has the form 


KZ TNC! + Pil Po) +(cp0+7n0)dn/ Po 
1+6n/po 
because m and m can be neglected compared 
with fi, fo and dn. Eq. (5) gives a linear 
relationship between c(1+dn/po) and 6n/po for 
a p-type crystal. 0) 0.5 1.0 
Fig. 7 shows such linear relationships ob- BN /Po xl 

served on a p-type crystal which was heat fig. 7, Dependences of e(1+6n/po) on On/po at 
treated as described above. These curves give various temperatures immediately after quench- 
the low level lifetime to=c(1+6n/po) and the ing, for sample I (p-type 15 @-cm). 


e 


T(l+8n/po) pe sec 


(5) 


1961) 


lifetime at infinite injection level t.=tyo+tno 
and their temperature dependences. These 
curves deviate from the linear relationship 
slightly at high and low temperatures. This 
means that the recombination takes place 
through several kinds of centers. However, 
these deviations are small, so that a single 
kind of centers will be predominant and Eq. 
(5) 18 applicable. 
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Fig. 8. Temperature dependences of ro and r../10 
immediately after quenching, for sample I. (p- 
type 14 2-cm), and sample II (p-type 5.5 2-cm). 
Activation energy is obtained?from the slope of 


(t—tn0). 


Fig. 8 shows the temperature dependence 
of to and rt. for several quenched p-type 
crystals. If the temperature dependence of 
to is fitted by 


co=endl 1+ ms exy ( papeN = 


following values are obtained for sample I, 
assuming that tno is independent of tem- 
perature, 


No 0.34 
= 1.4171 --1.25—_— —— ; 
To | ae exp ( r )| psec 


@e) 
where WN, is calculated assuming that m*/m 
=(0.391%. For sample II, the same activation 
is obtained, but c. is almost independent of 
temperature. Capture cross section ratio at 
300°K is 0.062 for sample I, and is 0.077 for 
sample II. These quantities show that a 
donor-like level lies at a distance of 0.34 eV 


(6) 
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from the valence band, and that this level is 
introduced by heat treatment. 

This level lies close to a gold donor level, 
but the capture cross section ratio differs from 
that of gold, and also a gold acceptor level 
was not observed in a heat treated n-type 
crystal, so that this seems to differ from a 
gold donor level. 
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Fig. 9. Dependences of c(1+0n/p) on On/po at 
various temperatures immediately after quench- 
ing, for sample II. (p-type 5.5 2-cm). 
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Fig. 10. Dependences of r(1+dn/po) on On/po at 
various temperatures after subsequent annealing 
at room temperature, for sample II (p-type 5.5 
Q-cm). 
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The level like this was also observed by 
Blakemore” in “as-grown” p-type crystals and 
his numerical values are in good agreement 
with ours, but he also found another donor- 
like level with this level, which is located at 
a distance of 0.54 eV from the conduction 
band. In our experiment, the latter level was 
scarcely observed immediately after quenching. 

The lifetimes of such a sample were not 
constant with time even at room temperature, 
and this 0.34 eV level was transformed slowly 
into other levels. 

Fig. 9 shows the dependence of lifetime on 
excess carrier density for sample II, immedia- 
tely after quenching. Fig. 10 shows the same 
one after subsequent 72 hour annealing at 
room temperature, and Fig. 11 shows the same 
one after re-heating at 300°C for 15 minutes 
following the annealing. Curve in Fig. 10 
does not show the linear relationship, so that 
several centers were formed in 72 hours after 
quenching. Curves in Fig. 11 show that by 
re-heating at 300°C for 15 minutes, the low 
level lifetimes were increased and almost in- 
dependent of temperature between 300°K and 
340°K, and that c. were decreased moreover. 

These behaviors show that the annealing 
after quenching caused the transformation of 
an introduced center into several types of 
new centers, one of which has a small value 
of tr. and that by re-heating at 300°C, initial 
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Fig. 11. Dependences of 1(1+0n/po) on On/po at 


various temperatures after re-heating at 300°C 
for 15 minutes following the annealing, for sam- 
ple II (p-type 5.5 Q-cm). 
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center appeared again to some extent and 
transformed new centers disappeared except 
one having a small value of t... As the life- 
times ina heat-treated p-type crystal measured 
by several authors are usually shown in such 
diagrams as Fig. 10 and Fig. 11, the activation 
energies are fairly small, say 0.13 eV” or 0.14 
eV”. yi 

Fig. 12 shows the dependence of lifetime on 
excess carrier density for a quenched n-type 
crystal of sample [II and Fig. 13 shows the 
temperature dependence of zo and rt» obtained 
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Fig. 13. Temperature dependences of cp and rao 
immediately after quenching. for sample III (n- 
type 5.9 92-cm). 
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Fig. 12. Dependences of 7(1+06p/no) on Op/ny at 
various temperatures immediately after quench- 
ing, for sample III (n-type 5.9 2-cm). 
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from Fig. 12. In this sample, co does not 
differ from z.. appreciably, and their tempera- 
ture dependences show the same _ behavior. 
This implies that temperature dependence of 
to 1s probably due to temperature dependence 
of capture cross section and not due to carrier 
distribution in recombination centers. If it 
is assumed that temperature dependence of 
to should arise from carrier distribution in re- 
combination centers, the activation energy 
will become very small, say 0.05 eV, and 
these centers will be acceptor-like. This result 
is inconsistent with the fact that the changes 
in resistivity of an n-type crystal by heat 
treatment were not observed at temperatures 
between 77°K and 400°K. Furthermore, ther- 
mally introduced recombination centers in both 
n- and p-type crystals are unstable at room 
temperature, and on heating above 100°C, 
these centers are transformed into other cen- 
ters, so that they seem to be the same in 
both types of crystals. This assumption is 
supported by the fact that capture cross section 
ratio 7=tno/tyo in sample I at room temperature 
obtained from Fig. 8 is approximately equal to 
that obtained from Fig. 12 assuming that to 
of sample III depends upon the capture cross 
section only. 

However, this assumption that the same 
center is active in both types of crystals after 
rapid quenching is inconsistent with follow- 
ing facts. First, the temperature dependence 
of t. in a p-type crystal is not the same as 
that in an n-type crystal. Secondly, the tem- 
perature dependence of tyo does not obey the 
prediction of Lax. In first point, the tem- 
perature dependence of +r. is different even 
among p-type crystals, and annealing at room 
temperature causes the decrease of t» and its 
temperature dependence, so that, without the 
annealing effect, the temperature dependence 
of t» would be the same in both types of 
crystals. In second point, according to the 
prediction of Lax!», the temperature depen- 
dence of typo for neutral centers must vary as 
T-/2, but in our samples, tyo is almost in- 
dependent of temperature or increases with 
increasing temperature. This means that the 
capturing process is such a complicated one 
as the reverse ionization process'®?. So that, 
it is desirable to investigate a mechanism of 
the recombination in full detail. 

In an n-type crystal, the annealing effect 
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was also observed. Fig. 14 and Fig. 15 show 
the 48 hours and 72 hours annealing effects 
of sample III, respectively. The annealing 
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Fig. 14. Temperature dependences of to and ro 


after subsequent 48 hours annealing at room 
temperature, for sample III (n-type 5.9 2-cm). 
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after subsequent annealing at room temperature, 
for III (n-type 5.9 2-cm). 
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Fig. 16. Temperature dependences of to and to 
after subsequent re-heating at 300°C for 15 
minutes, for sample III (n-tyse 5.9 2-cm). 
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effects caused the increase of 7. and its tem- 
perature dependence to be small at room 
temperature, but linear relationship almost 
remained unchanged. 

One of the transformed centers in sample 
III has a large activation energy of 0.45--0.05 
eV as shown in Fig. 16. Of course, this value 
does not give the energy level of the trans- 
formed center, because several transformed 
centers might be formed in subsequent 72 
hours annealing. 

Such transformed levels disappeared by re- 
heating at 300°C for 15 minutes and the tem- 
perature dependences of lifetime were re- 
covered to initial states to some extent. Fig. 
16 shows such a recovered feature after re- 
heating at 300°C for 15 minutes. Curve of 
to is the almost same as the initial curve but 
the curve of ct. is slightly different from the 
initial curve. 

In all samples measured, these behaviors of 
of the changes in lifetime by heat treatment 
were the same except little differences of 
measured values. 

In both m- and p-type crystals, the annealing 
and the reheating at low temperatures did not 
cause appreciable changes in low level lifetime 
but caused large changes in lifetime at an 
infinite injection level. 

In annealed samples, the correlation between 
nm and p-type crystals was not observed. This 
must be because, in an m-type crystal the 
prodominant recombination center seemed to 
be an acceptor-like or neutral center, but in a 
p-type crystal the predominant recombination 
center seemed to be a donor-like center ac- 
cording to Shockley-Read formula of a singly 
charged recombination center. 


§ 4. Discussion 


Immediately after quenching, the lifetimes 
in both m- and p-tpye crystal were decreased 
considerably. As shown in Fig. 3, Fig. 4, 
Fig. 5 and Fig. 6, it is obvious that the surface 
impurities diffused in and reduced the lifetime, 
and these phenomena have been observed by 
several authors”. What impurities diffuse in, 
depends upon the heat treatment conditions. 

In our experiment, the heat treatment was 
carried out in oxygen, so that the oxide films 
formed on the sample surface during the heat 
treatment would impede the particular im- 
purities diffusing in. Under these conditions, 
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copper and gold would not react with the 
oxide films easily, but iron which became 
ferric oxide would be easily transformed into 
various iron silicate’. So that, iron would 
easily penetrate through the silicate film into 
the interior of silicon. Such iron was observed 
by Hall coefficient measurement?) and by 
spin resonance experiment”. 

If it is assumed that thermally introduced 
impurity is iron, the changes in resistivity 
and in lifetime can be explained consistently. 
In iron doped silicon, the changes take place 
which cause a Conyersion!®) in activation energy 
and an annihilation of active centers”. After 
rapid quenching, a donor level 0.4 eV from 
the valence band is observed in iron doped 
silicon and the conversion to a level at 0.55 
eV from the conduction band occurs in a week 
at room temperature. Furthermore, the an- 
nihilation of active centers occurs in weeks 
or months at room temperature and speeds 
up at higher temperatures. So that, the 
changes in resistivity disappear in weeks or 
months at room temperature. 

In heat treated p-type silicon, the 0.4 eV 
level was observed after rapid quenching, and 
the conversion in activation energy was fre- 
porated®.!» and also the annihilation of active 
centers was detected from the resistivity 
changes”. But the lifetime changes was 
almost constant in spite of the annihilation 
of active centers. These behaviors are similar 
to those of iron doped silicon. 

However, it is very difficult to confirm that 
the thermally introduced recombination center 
is iron, because of the annealing effects. 
Various results were obtained by several 
authors for lifetime measurement”.*).»). They 
gave the low activation energy of the recom- 
bination, so that the recombination centers 
introduced during heat treatment did not seem 
to be iron. However, immediately after rapid 
quenching, a fairly large value of the activa- 
tion energy was observed for a p-type crystal. 
This value is close to those of gold and the 
lattice defects, but the capture cross section 
ratio differs from those of gold and the lattice 
defects. If this level is not due to gold or 
lattice defects, among the impurity levels re- 
ported up to the present, the 0.4 eV level of 
iron is the most probable one. However, the 
observed activation energy is smaller than 
that of iron. This discrepancy is probably 
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due to following reasons. 

It was assumed that tno was independent 
of temperature in obtaining Eq. (7), although 
if tno varies as T”(n=1~4)*®), larger activation 
energy will be obtained. Also, the transformed 
centers cause the decrease in activation energy 
in p-type crystals. By these corrections, the 
observed activation energy will be increased 
to 0.4 eV. 

During the annealing process, the level with 
an activation energy larger than 0.45-+0.05 eV 
was observed in an n-type crystal. In the 
annealing stage of a p-type crystal as shown 
in Fig. 10, if it is assumed that the curves 
in Fig. 10 are resultants of two kinds of 
centers, both of which show linear dependence 
on 6n/po, the level which has a very small 
Capture cross section ratio and scarcely de- 
pends upon temperature, is found. These may 
probably correspond to the 0.55 eV level of 
iron. 

Other transformed levels which had a smaller 
Teo In a p-tpye crystal and a larger t.. in an 
n-type crystal and a small activation energy, 
were observed. If it is valid that introduced 
impurity is iron, these centers also must be 
due to iron, but there is no correlation with 
the levels of iron. These centers are pro- 
bably due to aggregated or precipitated iron 
atoms, and can not be fitted by Shockley-Read 
formula, because the low level lifetime does 
not saturated with decreasing temperature and 
can not be expressed as Eq. (6). 

As discussed above, iron introduced by heat 
treatment has three different states and com- 
binations of these tree states would give rise 
to any activation energies ranging from 0.05 
eV to 0.55 eV. 

Also, iron which has been initially contained 
may affect, because Sandiford'® and Blakemore” 
found the deep lying recombination levels in 
“as-grown” crystals. But the density of such 
iron may be less than 5x10!2cm~-* from the 
resistivity changes of the cleaned surface crys- 
tal which was joule-heated in high vacuum’. 
So that, it is negligible compared with that 
of introduced one. 

In early stage, changes in resistivity due to 
heat treatments were observed in an m-tpye 
crystal, but recently used crystal does not ex- 
hibit such changes. This means that the 
densities of copper and gold contained in raw 
materials became less than before. 
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Origin of such iron is considered to be the 
ambient gas and the furnace wall heated at 
high temperatures, because when the sample 
was heated in a quartz tube in gas ambient, 
the changes in lifetime and in resistivity were 
larger than those by other treatments. How- 
ever, a treatment in a floating zone refining 
apparatus or joule-heating in high vacuum 
produced scarcely any change. So that, with- 
out an ambient gas and a quartz tube heated 
at high temperatures, iron would not be in- 
troduced. 
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Magnetic anisotropy of single crystals KCoF; and KNiF; was investi- 
gated by the torque magneto-meter in the temperature range from 78° 
to 300°K. In the antiferromagnetic region, torque curves of these crys- 
tals when suspended along one of the cube edges can be expressed by 
the formula 

T=C,H? sin 20—C2H# sin 40 , 3 
where H is the magnetic field intensity, @ the angle of rotation of H 
relative to one of the cubic axes, and C’s are constants. In the case of 
KCoF; the 49-term was not observed, while in KNiF; the 40-term was 
rather dominant in all specimens when no external stress was applied. 
The amplitude of the 2¢-term is sensitive to the stress in both cases. The 
experimental results on KCoF; and KNiF; are well interpreted by taking 
the antiferromagnetic spin axis to be parallel to the c-axis below their 
Néel temperatures. The origin of the 49-term which was observed in 
KNiF;3 is discussed, and it is concluded that this term arises from reversi- 
ble movements of the antiferromagnetic domain walls existing in this 


compound. 


Introduction 


a I 

In the previous paper, we have reported 
evidence of antiferromagnetism occurring in 
perovskite type KMF; (M: Mn, Fe, Co, Ni 
and Cu)”. Recently neutron diffraction ex- 
periments on KMFs were carried out by 
Scutturin et al.2, who found that both KCoF; 
and KNiFs have the G-type antiferromagnetic 
super-structure below their Néel temperatures. 
Then it may be interesting to investigate 
the magnetic anisotropy of these compounds, 
because from considerations of the symmetry 
of these crystals and the G-type antiferro- 
magnetic structure, there should not exist 
any magnetic anisotropy which is caused by 
classical dipole-dipole interactions. 

In the present paper we shall describe the 
results of anisotropy measurements on KCoFs: 
and KNiFs:. In some cases, however, the 
determination of these anisotropies is not so 
simple, because these cubic crystals so often 
come to have a slight deformation from the 
cubic symmetry and consequently have a 
domain (twinned-) structure below their Néel 
temperatures. It is already known that 
KCoFs; becomes tetragonal below its Néel tem- 
perature (Tw=114°K) with (c—a)/a = —0.002, 
whereas no deformation has been observed 
on KNiFs (7y=275°K) by X-ray examination 


even at 78°K®»*. Our purpose of this paper 
is to find out the orientation of the spin axis 
in the crystal by means of torque measure- 
ments. Another purpose of this paper is to 
make clear the origin of the 4-fold symmetry 
which appears in the torque curves of KNiFs. 
Similar phenomenon has already been ob- 
served on several compounds**, especially on 
MnO investigated by Uchida eft al., and a 
theoretical interpretation for this has been 
given by Nagamiya’’. At first he proposed 
two possible mechanisms*, one of which was 
originated from an intrinsic nature of the 
crystal, and the other from reversible move- 
ments of the antiferromagnetic domain walls 
when magnetic field was applied. In the 
recent paper‘, however, he has pointed out 
that the latter mechanism is much more 


* We tried to observe any symmetry change 
in KNiF; through the polarized microscope at about _ 
150°K but we could not observe any transformation | 
from the cubic symmetry. We believe, however, 
that there exists some kind of deformation (perhaps | 
due to magneto-strictions) and consequently domain | 
structure below its Néel temperature. 

** Coexistence of both 26- and 49-terms in the | 
(111) torque in NiO crystal has been observed by | 
Roth and Slack®). Coexistence of both 29- and 66- _ 
terms in the torque in the easy plane (0001) of | 
MnTe crystal has been observed by Hirakawa?). 
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favorable than the former. It will be shown 
that our experimental results are well inter- 
preted by the latter mechanism. 


§ 2. Experimental Procedures 


Single crystals were prepared by the flux 
method in the platinum crucible (200 cc) under 
the mixed atmosphere of argon and hydrogen 
fluoride. Large crystals prepared by this 
method were usually rectangular form of 
about 10x10x3m/m in size. They were ex- 
amined under the polarized microscope and 
the optically isotropic parts were cut out, so 
that rather small crystals (1x1x2m/m) were 
used for measurements. 

Torque was measured by the torsion 
balance of usual type. The specimen was 
cemented carefully to the bottom of the qualtz 
rod with collodion cement. Phosphor-bronze 
wire (0.1mm dia.) was used for suspension. 
In order to study the effect of external stress, 
a clamper which was made of phosphor- 
bronze was attached at the bottom of the 
qualtz rod. The strength of the maximum 
stress applied by this clamper was roughly 
estimated as ~100kg/cm*?. Generally the 
torque due to impurities contained in the 
clamper was fairly smaller than that of the 
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Fig. 1. Torque curves around the [001] axis of 
KCoF, measured at 78°K: The curves shown 
by the full lines are for the free crystal under 
the various field intensities and the dotted line 
ig for the clamped crystal. 
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crystals. This stray torque obtained by the 
preliminary measurement was subtracted from 
the observed one. Intensities of magnetic 
field were measured by direct insertion of the 
probe of proton resonance, 


§3. Experimental Results 
KCoF:: 

The torque curves for KCoF; measured at 
78°K under the various field intensities are 
shown in Fig. 1. The torque curves for the 
crystal before applying the external stress 
are shown by the full lines and a curve for 
the stressed crystal is shown by a dotted line. 
All of the torque curves can be expressed by 
the formula 

T=(CiH? sin (20+21) , Sle) 
where @ is the angle of rotation of magnetic 
field H relative to one of the cubic axes, Ci 
a constant and «: the phase constant. «1 is 
practically equal to zero within the experi- 
mental errors. Fig. 2 shows the field depen- 
dence of the torque amplitudes which are 
proportional to H?. 
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Fig. 2. Field dependence of the torque amplitudes 


of KCoF; plotted against H?. 


Fig. 3 shows the temperature dependence 
of torque amplitudes of KCoFs. The observed 
Néel temperature of 119°K is in agreement 
with the result reported in the previous paper 
within the experimental errors of =45° near 
120°K:; 
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KNiF:: . 
The torque curves for the free crystal of 
KNiF; which was measured at 78°K under 
the various field intensities are shown in Fig. 
4. These torque curves can be divided into 
two Fourier components, one of which has 
the period of 180° whose amplitude being 
proportional to H® and another has the period 
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Fig. 3. Temperature dependence of the torque 
amplitudes of KCoF;. Jy, shown by the arrow 
in the figure, represents the Néel temperature 
obtained in the previous work. 
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of 90° whose amplitude being proportional to 
H*. Fig. 5 shows such field dependences of 
both amplitudes on H® and H* respectively. 
Thus the torque curves can be expressed by 
the formula 


T=CiH? sin (20+¢1) -C2H‘ sin (40+ ¢2), (2) 
where @ is the angle of rotation of the applied 


200, 


Torque Amplitudes (dyne-cm/g ) 


3 x10? H? 
15 x10" H" 


Fig. 5. Field dependence of the amplitudes of 
both 26- and 49-terms which are the Fourier 
components of the observed torque measured 
at 78°K. 
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field H relative to one of the cubic axes, C’s 
are the amplitude constants and e’s the phase 
constants. From the fact that «: and «. are 
always equal to zero, it is concluded that the 
antiferromagnetic spin axis in KNiFs is paral- 
lel to one of the cubic axes. 

Fig. 6 shows the temperature dependence 
of the amplitudes of 20- and 46-terms re- 
spectively. As shown in this figure, the curve 
of the amplitudes of the 20-term which is 
proportional to that of the powder suscepti- 
bility falls down to zero near the Néel tem- 
perature of 253°K, which was found from 
specific heat measurements”. On the other 
hand, the amplitudes of the 40-term decrease 
much more rapidly with increasing tempera- 
tures, falling down to zero at about 200°K, 
taking small values of opposite sign and then 
approach to zero at the Néel temperature. 
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Fig. 7. Change of the torque curve before (the 
full line) and after (the dotted line) applying 
the unidirectional stress along one of the cubic 


axes. 


Fig. 7 shows the effect of the applied ex- 
ternal stress on the torque curve in KNiFs. 
When no external stress is applied, the 
amplitude of the 20-term of this specimen is 
quite small compared with that of the 40-term, 
but as the stress is increased it grows up so 
large and the 40-term diminishes perfectly 
as shown in this figure. This suggests that 
the specimen becomes nearly the single 
domain crystal by applying the stress. From 
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the observed 26-term and (y:—y//), we can 
estimate the parameter f: which will appear 
in the next section to be 0.87, 


§4. Discussions 
KCoF:: 

Below the Néel temperature (114°K), KCoFs 
has a tetragonal structure with (c—a)/a= 
—().002, consequently if a unidirectional stress 
is applied along one of the edges of the 
twinned crystal, it may become a single 
domain with its c-axis being parallel to the 
direction of the stress. The direction of the 
spin axis can be determined immediately 
from the torque measurements on such a 
crystal. The change of the observed torque 
curve before (full line) and after (dotted line) 
the stress treatment is shown in Fig. 1. From 
the equilibrium position of the torque curve it 
can immediately be known that the suscepti- 
bility along the direction of stress is smaller 
than that for normal to it, consequently the 
direction of the spin axis should be parallel 
to the c-axis. 

KNiF:: 

As already described, the observed torque 
curves for KNiFs can be expressed by the Eq. 
(2) with e: and e2 being practically equal to 
zero. ‘This means that the spin direction in 
KNiF; is parallel to one of the cubic axes as 
well as in the case of KCoF;. The origin of 
the 40-term, which do not appear in the case 
of KCoFs, may be treated by the same idea 
proposed by Nagamiya for MnO. He has 
proposed two possible mechanisms, one of 
which is originated to an intrinsic nature of 
the crystal and another to reversible move- 
ments of antiferromagnetic domain walls. 
Now we shall discuss the observed torque 
curves on KNiFs: in this point of view. 


i) The case of the intrinsic nature 
The anisotropy energy per unit volume of 
the cubic crystal consisted of single domain 
can be expressed by the formula 
E= Ki (a1?a2? + 2213" + 371") 

+ Ke(a?a2?as3?)+- +--+ , (3) 
where K’s are the anisotropy constants and 
a’s the direction cosines of the spin axis re- 
lative to the three cubic axes. Neglecting 
all higher order terms other than the Ist and 
confining ourselves to the case in which the 
crystal is suspended along [001] axis, the 
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energy expression (3) is reduced to 


E=+ Ki sin? (20%) , (4) 


where 6* is the angle of small deflection of 
the spin axis from the equilibrium position of 
x-axis (See Fig. 8). Then the free energy 
per unit volume when magnetic field H is 
applied in the direction @ with respect to the 
X-axis 1S 


eee = y.H? sin? (0+0*) 
a = tH? cos? (0+ 6*) + + Ki sin? (26*) , 
(5) 


Fig. 8. A diagram illustrating the deflection of 
the spin axis with respect to the crystal axis 
in the xy-plane by the application of magnetic 
field. 


where x7: and x; are the susceptibilities per 
unit volume normal and parallel to the spin 
axis respectively. Using the condition that 
6* is very small and (AF/00*)»=0, we have 


p= $M. Fy sin 20 (6) 


1 


Then, the torque equation can be expressed 
by the formula 


T= 1-4) 2 sin 20 


ee) 


In order to compare this formula with the 
torques of actual crystals, it should be rewrit- 
ten in the following form 


vil oe Vie ey ee 
+3, te 1/°H! sin 40 . 


i= = balts —47/))H? sin 20 
i 
8ki 


where f: and pz are the parameters related 
to the volumes of the three kinds of domains 


+ 


Pox. —-2//)?H* sin 40 , (8) 
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in each of which the spin axis directed along 
each x-, y- and z-axis. For the crystal having 
equal volumes of such domains, we have 
immediately p1=0 and p2=2/3. By comparing 
both equations (2) and (8), we can find the 
sign of the 40-term is opposite to each other. 
This means that the origin of the 40-term is 
not expected by such an intrinsic mechanism. 


ii) The case of movements of domain walls 
KNiF; should more or less be deformed 
tetragonally, though no evidence could been 
obtained by X-ray examination, because as 
stated before no deformations due to exchange 
interaction can’t be considered but only the 
magneto-striction may cause a deformation. 
Then the existence of domain (twinned-) 
structure may naturally be considered. Let 
us consider that the crystal consists of two 
kinds of domains in each of which the direc- 
tion cosines of the spin axis relative to the 
cubic axes are 0,1,0 and 1,0,0 respectively, as 
shown in Fig. 9. The torque equation around 


Fig. 9. A diagram illustrating the spin directions 
in the different two kinds of domains. The 
dotted line shows the displacement of an anti- 
ferromagnetic domain wall by the application of 
magnetic field. The 1,0,0 and 0,1,0 represent 
the direction cosines of the antiferromagnetic 
spin axes in each domain respectively. 


the [001]-axis of such a crystal, when movye- 
ments of domain walls are taken into account, 
can immediately obtained by substituting 
these numerical values of the direction cosines 
into the equation led by Nagamiya*’, 


T= — (1.1) 8in 40 , (9) 
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where c is the force constant of restoring 
domain walls and @ the angle of rotation of 
H from the x-axis. This equation holds for 
the case of unit area of the domain wall, in 
order to compare it with the actual case, a 
constant A of plus sign which is related to 
the total area of such walls should be multi- 
plied. Thus we may rewrite (9) in the form 

T=— “ (41-1)? sin 40 . (10) 
This equation for the 40-term is consistent 
qualitatively with the observed torque in sign 
cr 200° KK). 

In order to make confirmation of this 
mechanism, we examined the temperature 
dependence of the amplitudes of the 46-term 
near the Néel temperature. As in the case 
of MnO, the amplitudes of the 40-term in 
KNiF; decrease very rapidly with increasing 
temperatures. This supports, as predicted by 
Nagamiya, that the origin of the 46-term is 
due to reversible movements of domain walls 
rather than the intrinsic mechanism. Our 
case in KNiFs; is, however, somewhat peculiar. 
The amplitudes fall down to zero at about 
200°K and then take small positive values up 
to the Néel temperature. We may tentatively 
give an interpretation that in this region the 
intrinsic mechanism exceeds to that of domain 
wall displacements. 

Furthermore, we examined the effect of the 
external stress on the torque curves. One 
of our results is shown in Fig. 7. As shown 
in that figure, the 20-term grows up very 
large but the 46-term diminishes perfectly 
within the experimental errors by applying 
the stress. This change is considered such 
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that the total area of domain walls in the 
crystal are greatly reduced by the application 
of the stress and the amplitude of the Eq. 
(10) approaches to zero. The antiferromag- 
netic domain walls in KNiFs correspond, in 
a sence, to the S wall in NiO proposed by 
Roth®, which moves very easily by the ap- 
plication of mechanical stress or magnetic 
field. 

It is to be noticed that the calculation of 
anisotropy constant in cubic crystals from the 
field dependence of the susceptibilities can’t 
be achieved without serious precautions. 
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the Ministry of Education. 
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Electron Paramagnetic Resonance for Metals with 


Two Conduction Bands 


By Tsuyoshi MurAo* 
Department of Physics, Tohoku University, Sendai 
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Theoretical expressions of electron paramagnetic resonance absorption 
are given for metals with two conduction bands by assuming that the 
Bloch type equations involving interband “cross” terms and diffusion 


terms are applicable. 


Some typical examples of the absorption curve 


are shown to illustrate the interband “cross” effect and the diffusion 


effect. 


A possibility to determine the diffusion constants of the 3d- 


electrons in transition metals is discussed. 


Introduction 


$1. 


Dyson” has give a theory of electron para- 
magnetic resonance (EPR) for metals with a 
single conduction band, and the experiment 
of EPR for sodium metal carried out by Feher 
and Kip?) has been analyzed in their paper 
by using Dyson’s theory to give interesting 
informations on the diffusion constant of con- 
duction electrons. 

It may be interesting to apply Dyson’s idea 
to determine the diffusion constants of the 
3d-electrons in transition metals. These 
metals, however, have in general two con- 
duction bands, say s- and d-bands. It is, 
therefore, desirable to give a theoretical ex- 
pression of EPR absorption for metals with 
two conduction bands. Such an expression 
will be also applicable to analyzing the ex- 
perimental data of EPR on some other metals 
with two conduction bands (alkaline earth 
metals, for instance). 


§2. Differential Equations for Magnetizations 


It has been proved by Kaplan? that Dyson’s 
Green function formalism is equivalent to 
adding simply the term 


DV? Mr, t) (for all components of M) 


ee) 

to the Bloch equations and imposing 
n-pM(r,t)=0 (for all components of M) 

(2) 
as the boundary conditions on the surface. 
The constant D in (1) is the diffusion con- 
stant which is connected with the Fermi 
velocity vr and the mean free path 7 of con- 


* Present address: Research Institute of Electri- 
cal Communication, Tohoku University, Sendai. 


duction electrons through D=v,y/l/3, and n in 
(2) is the normal vector on the metal surface. 
The mean free path 7 is determined by im- 
purity scattering and electron-photon interac- 
tion in a single-band case. 

The time variation of the magnetizations 
of two bands may be given by the following 
differential equations; 


Mix=71M, x H)x—viMix 


—w1Mox+ Dp? Mix , (G33) 
and 
Mex =72°(M2 x HA) x —v2Mox 
—~2Mix+ DV? Mex , (4) 


where suffices 1 and 2 indicate the numbers 
of the bands, 7:° are the gyromagnetic ratios, 
vi! the transverse relaxation times, and yp; 
the relaxation rates that are responsible for 
a “cross” effect of the two bands. Similar 
equations such as (3) and (4) are also valid 
for the y-component and those for the 2z- 
component are not necessary unless the satu- 
ration effect is considered. The interband 
“cross” effect can arise not only from a usual 
exchange type interaction as in discussed by 
Solomon‘) but also from Mott’s s-d scattering 
by phonons® which is accompanied by the 
real interband transition of electrons. This 
Mott’s process obscures the meaning to men- 
tion that a particular electron belongs to a 
s-band or a d-band. Therefore, in order that 
the diffusion constant of each band can be 
defined in (3) and (4), the condition 


te =ll/ur<ts (for both bands), (5) 
must be fulfilled, where ts is a mean time 


between two successive (Mott’s) s-d scattering 
of a conduction electron and J is the mean 
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free path of the electrons which appears in 
the electrical conductivity. The magnitude 
of / is determined through several mechanism; 
impurity scattering, Mott’s s-d scattering Ka- 
suya’s s-d scattering®.”, and the usual in- 
terband scattering by phonons. 

The magnetic field H in (3) and (4) is given 
through the Maxwell equations; 


Vx E=—c-{H+4n(Mi+ M,)} , (6) 
Vx H=4nc"cE , (7) 


where o (=o:1+02) is the conductivity of the 
metal. 


The term due to the displacement current 
is neglected in (7). 


§3. Calculation of Surface Impedance 


We assume that the metal sample under 
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consideration extends from z=0 to z= in 
the z-direction and the static magnetic field 
H and the incident direction of the micro- 
wave are in the z-direction. The present 
argument is restricted within a temperature 
region of normal skin effect, so that FE, H, 
M,, Mz vary as exp [tot—«z] with time and 
space, where is the frequency of the micro- 
wave and « a complex number which is to 
be determined below. 
Let us now introduce the variables 


Mi=Mix—iMir , 
SE =Hx—iHr , 
G=Ex—iky , 
and use (3), (4), (6) and (7), then the condition 


that Nt, Nie and & have non-zero solutions 
is written as* 


(8) 


eDi—vy —i(@—ar10) —f1 —1W 10410 
— 2 k?D2—v2—1(W— 29) ~—1@ 20720 =0,, (9,) 
—14r —14r (6?x2/2) —i 


where wi0o=7i'Ho , 62=c?/2x0w, and yxio are the 
static susceptibilities of conduction electrons. 
The value of « is determined by solving (9). 
If three independent solutions of (9) are de- 
noted by «1, «2, and «3, all of which satisfy 
the condition 


Ez: tn>0 ) (10) 


where & means to take the real part, then 
other solutions of (9), —*n, are unphysical so 
that we should leave out these solutions. Let 
Sen be & corresponding to tn. The con- 
tinuity condition of # and € at the metal 
surface are then written, respectively, as 


FOAPOt+Hi=H> , (11) 

I Btw PatwHAH=G=FAX, (12) 
where 

Un=iCkn/4z0 , (13) 

Xo = Co A= (c/4n)Z , (14) 

Z=surface impedance , (15) 


and & and & are respectively the values 
of & and & immediately outside the surface. 
Due to the present condition that the mean 
diffusion constant of conduction electrons in 
each band can be defined (cf. (5)), we assume 

* The following calculation to obtain the surface 
impedance is an extention of Ament and Rado’s 
method?). 


that Dyson’s boundary condition can now be 
written as 
n-pYu=0, (16) 
n-pM.=0 , (17) 
which mean that the normal components of 
the diffusion velocity of the conduction elec- 
trons in each band are zero on the metal 


surface. From (11), (12), (16) and (17), we 
obtained 
il 1 1 i 
ur U2 us Xo = (18) 
Viiki Ui2ke Vi3sk3 0 
Vaiki Ua22ke UV23Kk3 0 


in order that Hr and “ are non-zero, where 
4 4nBi—7i(2-10*kn? —1) 


ee ATE TES Litkn?—1l—iai+yi (19) 
Bi=Oi07i0/vi , (20) 
i= is , (21) 
a: =(@—in)/vi , (22) 

Lt = Divi. (23) 


The surface impedance Z (or Xo) can be ob- 
tained from (18). The real absorption rate is 
given by 

P=(c/42).ZZ)|\F0’ . 


The surface impedance obtained from (18) 
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contains x» in its expression, while our purpose The #n have functional relations with the 
is to express Z only in terms of the physical physical quantities in (3) and (4) only through 


quantities involved in (8) and (4). the combinations of rn given in (25) (i.e. Cp), 
Let us now rewrite (9) in the form while the actual factorization of «» involved 
O=M=CM ECE in the surface impedance Z can not be car- 

Ss( 2c et CHE Oa ried out unless Cy’ are also used. The fac- 

x (a8 CLO EC (24) torization is a tedious but straightforward 


calculation so that its detail is not shown 


ee here. The C,’ are connected with C,y through 
Cr=Ki? 2? + ks” , : 
the relations 
Co=(wik2)? + (ois)? + (wins)® , (25) 
. Cir =+(Cit2C2’)/? ,* 
C3 = (Kikets)® ) 
and Co! = (Cot 2Cr'Ca’)? 5 (27) 
Cy =Kritnetne 5 Gs CaV* . 
Co! =iket Keke bik , (26) Equations (27) can be solved successively for 
C3! =Kikeks . C,’ only in the following cases: 
Cx) 64? = 2D i/6*0, = T/T <1 (for both bands) , 
(ii) BSS Il (for both bands) , 


where 72=v;-! and Tp=6?/2D; which is introduced by Dyson’) as a mean diffusion time 
of conduction electrons across the skin depth 6. We consider the two cases separately in 
what follows. 


Case (i). In this case it is convenient to introduce the following quantities; 


Ree a 
aon ‘i 
where e=e1e2. The corresponding Cp are rewritten as 
Ci=F4+F +2? +Eai+F'ae) , (29) 
C2=1—7i72+4me?(EBi +E! Be) —e2(Ear +6") — arare + i[e2(E+E-!) +art+ay] , (30) 
Cs=e?{4r(Bi t+ B2—7i1B2—72h1) (a1 +ae) +é[1 —ri72+40(a1B2+a26:)—arae]} , (31) 
where 
f=es/e1 . (32) 
In most experiments of EPR for transition metals, the condition 
bi<1 (33) 
may be fulfilled on account of the fairly large line width, so that, from (29), (31), 
|Cs| ~e?|Ci or Col (34) 
if 
An(71B2+7261) <1. (35) 


In such a case (27) can be solved in the form of power series in e. The signs of C2’ and 
Cs’ (cf. (27)) are always taken to be positive so that our final result reduced to a single band 


case coincides with Dyson’s result. By expanding in powers of Bi, the final result for the 
real part of the surface impedance is given by 


* Due to (10), the negative sign should be abandoned ‘for Cy’. 
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Fee Z=(60)-[Fot+ 4x Bi Fi +42 Bie2Fo 4: - colt (36) 
where 
y= (37) 
Fy =(u4?+u—2)-Y{ (a8 +a2)[2-1(a. +u—)+ an +a2| 
+(1+8—7:18—72)[2-"(u4+u_-)—(ai+az)]} , (39) 


Fre=4(us? +u-*)-{uyu-[(1 +6? +ty)(arB + a2) —(14+ 8-118 —7e)(1 +6?—ts) 
— (E+ B)u-]+ (ait a2)(uy +u-)[1+6?—t+)(aiB + a2) 
—(1+8—7i18 —72)(1+ +24) (62+ B)u.]} 
+2(u?+u—) (v2 + w?) (Eri +72){(ai1B + a2)(vu-+ wus) 
—(1+8—718 —72)(vus+—wu-)} 
+ (rire) E21 - 1) —G2-1) P+)? +X [E2471 —L) — (72-1) w —t-v} 
x{&[72—71 8] lw —0] + [2714+ rellve(72—-1 — are) —€71B(71 -1—a1) 
+ 27172) “E21 — DY) —72-1) 2 +4) [a ta] Ye [ 72-7 Bl 
+[S?+ 1 ]l7202—€71 Bas] —[72(72 -1) -&yri(71 - 1) Bt} 
Mele) ey ee sy 
—{6[72—71Blo + (8? + [7272 -1) —7(71 -1) 8) + [7202 —€?7 1 Barts} 
x (1671-1) —G2-—D Jus +t-u_}} . (39) 


In (37) (39), the following abbreviations were used: 


ji OPES GY 


Us =1—7172—Q102 +(a1+az) , 


v=(71—1)(72—-1)—a122 , (40) 
w=(7%1—-—Dait(7e—-Dan , 
b= f2/f: . 
In deriving the term F: in (36), the condition 
1172> Bi (41) 


has been used in order to allow a power series expansion in f:. 
In (36) the diffusion effect is contained in Ff, term and the subsequent ones through « 


and &. 
Case (ii). Instead of (28), introduce the following K and Kn; 


—1/25-— 
DWN GT (42) 
2-26 n= Kn * 
Then, Cy are rewritten as 
Crise? tee? +i(1+e2ar+er?ae) , (43) 


Co 61262217172) + 4a(617 81 + €2?B2)—e17€2"a1Q2 é 
+e2a1( —] + t€o2) +62?a2(—1 +461”) +-2(¢ a? + €2") ? (44) 


C3=e12¢2"[4z(f1 + B2—7182—7 2/1) +ai(—1+74782) 
+ao(—1+742B1) +i(1—ri72—a1a2) | ‘ (45) 


where «=ei-!. As can be seen from (43), (45), 


Gia eieIGl~e, ICl~et, (46) 
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so that, in order that (26) are to be consistent among their equations, it is demanded that 
Clim 1 Cree eee (47) 


This allows to solve (27) in the form of power series in ¢ to give the surface impedance. 
By using the same notations as (40) and the following abbreviations 


Sea + a2 ? 
yt ={[(a1 tae)? +44 +u-)}? + 01+ a2}? 


n-=(sign of u4+u-{[(ar+a2)?+44(u4 +u-)]?—(ar tar) }/* , ee 
E=e2/e1 , 
the real part of the surface impedance is given, up to O(©), by 
SF 2=(66)3|I|*(Got+4xBiarGit---), (49) 
where 
I=h+ih, (50) 


L=2-"7i7e{(E%72-—D) —(71— 1) 9 -— S94 HIC/ 2 €-— 9+) —S4)? 
+148 47/2 Ee t+9-)) 72+ 2 EQ-—94)—S}? 
$2 7 7e{[E(72 -—D —(71 -D) 9 + 5-97 - HIV 2 €-— 1+) — $+)? 
ALS 2S a) 21 VD BG eS) ia (51) 


Bh=2- rel [F%¥2—-1) — (71 -D 9-9 HI 2 9-94) — $4)? 
+(e 8 EG) he 
2 yt (S4G2= I) —Gi — Dias G7 2-9) Sa 
POPE Hy 2 Ear eyes (52) 


Go=1, (53) 


Gi=Elh{ [7271 + &) —1 + 672) Blot [72€2a2—7 1 Baslw 

—[ri(71— &) B—72(E272—-L) ut [7102 —7201](@1 + a2) } 

+ETe{ —[yo(yo +6?) —71 1+ 6772) Blw + [7262a2 —71Bailv 
— [71071 —&) B —7e(E272-—-D)] (a1 + 2) + [6771 B2 — 72a1]u} 

—2-*Nh{ —94+9-Hire71 1) —' (72 -D s+ + E2721 B) lor +azt+w) 
+i tD+&(72+ 1&7 18a2—72a]} 

— 2's +9-K — [F771 a2 — yeas, +6(72—718)[u—v] 
Fre D024 Dili OG 18). 

~— 2 Bets +9-Hl 771-1) —&iy2 DB s4 + (72-718) [a1 ta2tw] 
+m + D4+8(72+ DER 1 Bare —72a1)} 

+27 Def — 94 +-9-HE*71 Bae —72ai]s4+6*(72—718)[u —v] 


+m +D4+872+D [7271 - 1) —Er(72-D 6] . (54) 

The necessary conditions to derive the above In this case, the diffusion effect resides in all 

results are terms but the first in (49). This reason has 
a’a, and «:?a:<1, been already explained by Dyson”. 


1762" 7172<1 , 


fr and f2<(7i72) , It may be interesting to determine experi- 
€1°€2"(71P2 +7281) <1. mentally the physical quantities involved in 


(55) $4. Discussion 
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- (8) and (4), particularly the diffusion constants 
D, and D:. In a temperature region where 
the case (ii) is applicable, there are five para- 
meters which determine the shape of the 
absorption curve of the term G: in (49), ice., 


Se) Sitar wNseliee allid Ciel (sh Ses (56) 
and the diffusion effect appears through 6€. 
It is expected that the magnitudes of these 
parameters, particularly the last four ones, 
change with temperature. 

In a temperature region where the case (i) 
is valid, the diffusion effect comes from the 
third term F: in (36). The parameters which 
determine the shape of the absorption curve 
due to F; are then reduced to the first four 
ones in (56), so that it seems more favorable 
to make an experiment firstly in this tem- 
perature region to determine the magnitude 
and the temperature dependence of the four 
parameters. * 

It can be easily shown that the term F; is 
reduced to the well-known formula of a single 


band case!).»), i.e., 
Fi 2nfit—™ «(y’o)+7@)), 7) 
lta? 
by putting** 
V2— 2 —Yn0—= 72) — 2). (59) 


As the sign of Fi depends on the choice of 
the signs in (27), the validity of what was 
mentioned below (35) is thus confirmed. 

We can find the following characteristic 
features for the absorption curves of / from 
several numerical examples given in Appendix: 

(1) Exchange broadening occurs through 
the pi-term of (3) and (4). 

(2) Shift of the peak arises from the inter- 
ference between the absorptions of the lst 
and the 2nd bands. 

(3) When 7:<1, the apparent width of the 
absorption curve of the 2nd band is nearly 
proportional to v2, while it is not proportional 
when jyi>l. 


* It may be expected in a practical problem 
that the values of g; and gz are nearly constant 
with temperature, then temperature-dependent para- 
meters are reduced to three. 

** Since (38) has been derived via the conditions 
(33) and (35), one must put (58) by the following 
ordered process: 

GQ) 72-0, 
(2) X29 and 
(3) 230. 
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(4) There can be a case where negative 
absorption (dispersion) is strongly enhanced. 

Several numerical examples af the absorp- 
tion curves due to F are also given in Ap- 
pendix, which indicate that general trend of 
the diffusion effect is to enhance the mixing 
of the dispersion into the real absorption but 
the effect is much more complicated than in 
the single band case. 

It should be noticed that in practical ex- 
periments the short range ordering of spins 
may contribute to the line width™ if the 
Curie or Néel points present near to the experi- 
mental temperature, the effect of which is 
not considered in the present paper. For this 
reason, the experimental data on Ni metal 
given by Bloembergen' is beyond the scope 
of the present theory. 

It may be also interesting to extend the 
present formalism to the case of semicon- 
ductors in which impurity band exists. If a 
semiconductor sample has a resistivity smaller 
than 10-?Ocm, then the displacement current 
can be neglected in (7) for o~10!c.p.s. and 
the dispersion is mixed into the real absorp- 
tion. 
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Appendix 
The following typical relation and values 
Table I. 
Case val V2 velv1 
[A] (1) OR (eS 0.44 
(2) Heil 0.22 
(3) 2.2 0.11 
[B] (1) 0.5 0.55 Pet 
(2) ted 0.55 
(3) Ze ORZe 
[Cc] (1) 1 0.55 oe 
(2) leg 1.1 
(3) 2.2 0.55 
[D] (1) o 0.55 4A 
(2) 1.1 CGMS 
(3) DAD, 1.1 


1946 Tsuyoshi MURAO (Vol. 16, 


Fig. 1. Calculated’ curves| of F', for the [cases 
shown in Table I. Maximum (or minimum) 
values are normalized to 1 (or —1). 


are assigned for several parameters; | 
po= (72/719) p 5” (Al) | 

£2/2:=1.1 fae ¥20/X10= 10 ’ 10/¥1=10 5 (A2) | 
The function F; is calculated for twelve cases 
shown in Table I by choosing (71°/»1).H—HAb) 
as the variable, and the results are illustrated 
in Fig. 1. For the values given in (A2), the 
peaks of the absorption curves of the lst and 
2nd bands should appear at (71°/v1)(H—Ho)=0 
and —0.90909, respectively, if the interference 


between the both absorption and the mixing | 


(79/v,)(H- Ho) 


-t 
Fig. 2. Calculated curves, offF, for the case [B] 


(1) with the following values; (a) $=0.1, (b)g=1, 
()ig=10: 
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of the dispersion are not present. The func- 
tion F, is calculated for three values of € in 
the case [B] (1) and is shown in Fig. 2. 
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The semi-classical Boltzmann theory of Rodriguez for an isotropic 
metal is extended to the simplest model of a uniaxial anisotropic metal, 
in which the surfaces of constant energy take the form of ellipsoids of 
revolution about the principal axis of the crystal. The surface impedance, 
in the extreme anomalous skin effect region and in the presence of 
a constant magnetic field parallel to the metal surface, is calculated 
assuming the specular reflection boundary condition and including the 
interaction between the individual circular motion of the conduction 
electrons and the electric field produced by a polarization of the charge 
distribution in the metal. This model, although somewhat artificial, 
makes it possible to carry out the calculation exactly and we can see 
the main features of the phenomenon of cyclotron resonance in anisotropic 


metals. 


$1. Introduction 

In a series of theoretical papers, Azbel’ 
and Kaner!) have proposed a new kind of 
cyclotron resonance in metals, which is pos- 
sible in the extreme anomalous skin effect 
region when the constant magnetic field is 
parallel to the metal surface. This resonance 
in metals differs essentially from the well- 
known diamagnetic resonance in semicon- 
ductors in three respects: 

(1) A resonance is in general expected 
when the oscillating electric field, which is 
also parallel to the surface, is parallel to the 
magnetic field as well as when they are per- 
pendicular to one another, even if, the Fermi 
surface is spherical. 


(2) Cyclotron resonance occurs not only 
when the imposed frequency w is equal to 
the cyclotron frequency of the conduction 
electrons wc, but also at the low integral 
multiple of w:-, whether the Fermi surface is 
spherical or not. 

(3) Cyclotron resonance in metals is possi- 
ble, only when the constant magnetic field is 
strictly parallel to the metal surface, or more 
exactly, if the angle between the surface and 
the field satisfies the condition deg/7e>¢, where 
Sepp is the effective depth of penetration of 
the oscillating electric field and 7- is the cyclo- 
tron radius of conduction electrons. 

On the contrary, cyclotron resonance in 
semiconductors, which we call the diamagnetic 


1948 


resonance after Azbel’ and Kaner, is possible 
only when the imposed frequency is equal to 
we, and its longitudinal resonance in which 
the electric field is parallel to the magnetic 
field is observed only if the Fermi surface is 
asymmetric and the fields are not along a 
symmetry axis”. Moreover, it is not essential 
for the magnetic field to be parallel to the 
surface in semiconductors. 

These differences between metals and semi- 
conductors are caused by the fact that in 
metals the effective skin depth of the micro- 
wave electric field is small compared with 
the cyclotron radius of the conduction elec- 
trons 7- whereas the opposite is true in semi- 
conductors. According to the theory of 
normal skin effect, the ratio of the skin depth 
6 to 7 in the resonance condition with w~ 
Wes>t, where cz is the time of relaxation of 
the conduction electrons, is given by 

yee 

Yo V 8ank ’ 
where m is the density of the conduction 
electrons, —& their energy and A the magnetic 
field. In semiconductors, E is approximately 
equal to «7, where « is the Boltzmann con- 
stant, and 7 the absolute temperature, while 
in metals it is nearly equal to the Fermi 
energy at low temperatures. Therefore, if 
one assumes m~10-*8 g, c~10-' sec, T~4°K, 
n~10!4cm-? for semiconductors, and n~10” 
cm~* for metals, one finds that 


(1.1) 


— -~0(102) , 


F) 1 
Ye SS lel V mT ee) 


Set _ V My-sist7~0(10-*H) , 


Ihe! 
Yc metal h ( ) 


where c is the speed of light, # the Planck 
constant, m the electron mass, and e the 
electronic charge. 

Following the original theory of Azbel’ and 
Kaner, various authors have studied cyclotron 
resonance in metals both experimentally and 
theoretically. The phenomenon predicted by 
Azbel’ and Kaner was first observed by 
Fawcett® in tin and copper, later in tin by 
Kip e¢ al.* and also by Bezuglyi and Galkin®, 
in lead by Bezuglyi and Galkin®, in bismuth 
by Aubery and Chambers®, in zinc by Galt 
et al.”, in aluminium by Langenberg and 
Moore® and also by Fawcett”, and in copper 
by Langenberg and Moore’. As regards the 
theory, Kaner and Azbel’! have extended 
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their original theory to arbitrary field-strengths 
and studied the magnetic field and the tem- 
perature dependence of the surface impedance 
tensor, and Kaner’”) has discussed the possi- 
bility of cyclotron resonance in a metal with 
the magnetic field inclined to the surface. 
The derivation of the Azbel’ and Kaner result 
in terms of Pippard’s “ineffectiveness ” con- 
cept has been given by Heine”, and also 
Mattis and Dresselhaus'*) have derived a 
slightly different result from that obtained by 
Azbel’ and Kaner and discussed the de Haas- 
van Alphen type*of variation of the surface 
impedance by quantum-mechanical treatment 
of anomalous skin effect. An extension of 
the semi-classical theory of Mattis and 
Dresselhaus for a spherical Fermi surface has 
been made by Rodriguez!®’, to take account 
of the interaction between the individual cir- 
cular motion of the conduction electrons and 
the electric field produced by a polarization 
of the charge distribution in the metal. 

The combined effect of the space charges 
and the anisotropy of the Fermi surface has 
however not previously been studied. In the 
ordinary theory of the skin effect, the increase 
of the space charge is opposed by two forces. 
The first is equivalent to a harmonic restoring 
force and its force constant is w,?, where wy» 
is the plasma frequency of the electron gas. 
The second force is of a viscous nature and 
is inversely proportional to the time of relax- 
ation of the conduction electrons. However, 
the viscous nature in the anomalous skin 
effect is essentially different from that in the 
normal skin effect, in the sense that we can 
obtain a finite surface impedance, even if, 
under the extreme anomalous limit. This 
difference in the viscous nature is brought 
by the fact that in the anomalous skin effect 
region, the current density at any point in 
the metal is not determined by the electric 
field at the same point alone but also by its 
value within a sphere centered at the point 
under consideration and of a radius compara- 
ble to the mean free path of the condition 
electrons. In such a case, the combined 
effect above mentioned must be carefully ex- 
amined. 


Therefore, in this paper, the semi-classical 
Boltzmann theory of Rodriguez is extended 
to the simplest model of a uniaxial anisotropic 
metal, in which the surfaces of constant 
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energy take the form of ellipsoids of revolu- 
tion about the principal axis of the crystal. 
This model, although somewhat artificial, 
makes it possible to carry out the calculation 
exactly, and we can see the main features of 
the combined effect of the space charges and 
the anisotropy of the Fermi surface. Asa 
result, it should seem that cyclotron resonance 
in metals is affected by a polarization of the 
space charges when the anisotropy of the 
Fermi surface is complicated and the magnetic 
field is not along a symmetry axis. 

The method of our calculation consists in 
the solution of the Boltzmann transport equa- 
tion in conjunction with Maxwell’s equations 
for the electric field. In Sec. 2, the concept 
of the tube integrals which was originally 
introduced by Shockley'® for the warped 
energy surface is briefly explained and is 
applied to the spheroidal energy surface. It 
is useful to employ the concept of the tube 
integrals, in order to set up and solve the 
Boltzmann equation for the distribution func- 
tion of the conduction electrons. 


The general expression for the current 
density is derived in Sec. 3, subject to the 
following assumptions which seem to be 
reasonable under anomalous skin effect con- 
ditions in a magnetic field of magnitude be- 
tween 10° and 10‘ oersteds: 

(i) We set up the Boltzmann equation in 
which the collision integral is replaced by 
a phenomenological expression such as 


om eared Leben 


= (1.4) 
seatt. t(k) 


where k is the wave vector related to the 
crystal momentum, and fo is the Fermi dis- 
tribution function. For the phenomenological 
description of cyclotron resonance in metals, 
it seems to be of only minor importance. 

(ii) We accept the Lorentz law of force. 
There seems no obvious need of modification 
until the radius of the cyclotron orbit of 
electrons is as small as the wavelength of an 
electron at the Fermi surface. 

(iii) We neglect as usual the product of 
the oscillating electric field with the perturbed 
distribution function, and the effect of the 
oscillating magnetic field which is always 
accompanied by the oscillating electric field, 
as we can make the amplitude of the electric 
field sufficiently small. 
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(iv) The effective depth of penetration of 
the oscillating electric field is assumed to be 
small compared with the linear dimensions 
of the specimen, so that it is permissible to 
regard the surface of metal as plane and 
infinite in extent. This condition is always 
satisfied in practice for specimens of ordinary 
dimensions at the temperatures and frequencies 
at which the anomalous skin effect appears. 

(v) We assume that the electrons arriving 
at the surface are scattered specularly. This 
is not the only possible assumption, but since 
it was found by Reuter and Sondheimer!” 
that the surface impedance obtained by the 
specular reflection boundary condition differes 
from that of the diffuse reflection case only 
by a factor of 8/9 under the extreme anoma- 
lous limit, it will be assumed to be of only 
minor importance. On the other hand, the 
gain in mathematical simplicity for specular 
reflection is considerable. 

(vi) Finally, we assume a highly degenerate 
electron gas. 

In Sec. 4, we first consider the case of 
semiconductors in order to clarify the validity 
of our theory. The effect of the space 
charges of cyclotron resonance in semicon- 
ductors is well-known as the plasma resonance, 
which was first studied by Dresselhaus e¢ al.!® 
on InSb both experimentally and theoretically. 

In Sec. 5, the most interesting case of ex- 
treme anomalous limit in the metal, where 
the conditions />rc>de are satisfied, is dis- 
cussed in detail for spheroidal energy surfaces. 

Finally, the theoretical results thus obtained 
are discussed in Sec. 6. The evaluation of 
the integrals which will appear in the calcu- 
lation of the current density is made in the 
Appendix. 


Tube Integrals for Spheroidal Energy 
Surfaces 


The fluted or warped quality of the energy 
surfaces, such as that near the valence band 
edge in germanium and silicon, have a com- 
plicated effect on the cyclotron resonance 
frequency, because there is no longer a single 
cyclotron frequency for a given orientation 
of the constant magnetic field, but a distri- 
bution of resonance frequencies. In such a 
case, it is very useful to employ the concept 
of the tube integrals. As will be seen later 
in this section, the tube mass for the sphe- 
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roidal energy surface does not depend on the 
specific tube, but it is still useful to simplify 
and solve the Boltzmann transport equation. 

Now let us suppose, for simplicity, that 
E=E(k) is a unique continuous function of 
the wave vector k, inside a zone,. giving the 
energy of a single band, without overlap. 
Then a general effective mass Hamiltonian 
in a electromagnetic field is given as 


H=E(k)+eVin), hk=p——A(y) , (2.1) 


where hk is the crystal momentum, p the 
canonical momentum, r the lattice vector, 
and A(r) and V(r) are the vector and scalar 
potential of the field, respectively. Thus 


0E(k) dk e | | 
pe h-— =eK+—|vxH |, 
Av ae te it eB + U 


(Zud) 


where v is the group velocity of the electron, 
and £ the electric field. 

When there is no electric field, the constant 
magnetic field does not change the energy of 
the electron moving on the energy surface, 
nor does it change the projection ka of the 
k-vector along the magnetic field direction. 
Therefore, the representative point of the 
electron in k-space traces out the path of 
intersection of the surfaces 


E(k)=constant, (2.3) 


Around this orbit the motion is governed by 
the Lorentz equation 


kn =constant. 


(2.4) 
where dk is an element of the path in the k- 
space and v, is the component of the velocity 
vector of the electron perpendicular to the 
magnetic field. That is, in the presence of 
oscillating electric fields of small amplitude, 
the motion of the electron in k-space is con- 
fined to the region in dkg at ka and with 
energy in dE at E, which has been called 
a tube by Shockley’®. For spherical energy 
surfaces, the tube is a torus with a parallelo- 
gram cross section. For more complex sur- 
faces and for energies, for which the surfaces 
reach the boundary of the Brillouin zone and 
we need in general the repeated zone scheme, 
the tube may possibly take a helical path and 
eventually fill most of the space between E 
and £+dE. We shall here discuss only simple 
closed tubes for which the period of an oscil- 
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lation can be defined. . 
According to (2.4), this is just 
ch dk 
fap 
eH 1 Om. 
where the integral is taken round the orbit. 
Thinking of the cyclotron frequency for free 
electrons, we may use (2.5) to define a mass 
parameter mn* such that T=(2xma*c)/(eH). 

Then 


(2.5) 


ha ) 
mat=2 & Ack 
See Fog 


where A(kaz) is the area of the plane ku= 
constant lying within the contour of inter- 
section with /(k)=constant. This quantity 
has been called the tube mass by Shockley 
and is, in principle, quite different from any 
effective mass which we have usually used. 
Moreover, Shockley mapped out the electron 
distribution in terms of a new set of coordi- 
nates in k-space, that is E, ka, and a new 
phase angle ¢, called the tube angle, which 
measures the position of the representative 
point in its motion round the orbit (2.4). 
That is, 


(2.6) 


Tied bee 2.7) 
MaA* VL 

where the integral is taken from some arbi- 
trary origin. The essential property of this 
variable is that it obeys the simple equation 
of motion 


di _ eH 


apeeaee = ee 2.8) 


as may be easily proved from (2.4) and (2.7). 

Now let us consider the tube integrals for 
the spheroidal energy surfaces. First we 
suppose that the energy surfaces are described 
by the equation 


b= F(a 


ks? 
ra : 
Mi Ms 


choosing as special local axes in k-space the 
principal axes of these spheroids, and the 
relation between these coordinates and the 
original coordinates system fixed in k-space is, 
given by 


Re ky kz 
ky 0, 


kz | —sin@, cos@cos¢y, cos@sing, 


(2.9) 


sing, —Ccos¢@, 


(2.10) 
ks cos?, sin@ cosy, sin@sing. 


The relative positions of the two coordinates, 
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System is indicated in Fig. 1. The plane of tion specified by an angle » brings this plane 
the paper denotes the xy-plane with the posi- into the position k:Ox and the second rotation 
tive z-axis pointing upwards. The first rota- specified by an angle @ is in the negative 

sence about the Of:-axis. The expression of 


x 
the energy surface in the system of (k,, ky, kz) 
AN | 


Fig. 1. Coordinate system. The gxy-plane is the 


surface of the metal which occupies the space Fig. 2. The geometrical meaning of the tube 
z>0. angle. 
B=" (dake? + doh! + Saket + 2bukcty + 2dalcke + 2a) (2.11) 
where 
Ape 6 ae Ay | 
mi mi 
i. mg he LNA fe ey (2.12) 
my my Ma | 
Be Nd dee Ns 
M1 mM, 
and 
i=cos 6, M=sin@cos¢ , N=sin @sin¢ . (2.13) 


Next we assume that the xy-plane is in the surface of the metal which occupies the space 
z>0, and the magnetic field is along the x-axis. Then the coordinates of the centre of the 
conic section with k,=constant are obtained from (2.11) as 


eget sa Siewert vag | pL see see (2.14) 
es Wy As? —dA2d3 mM Ag? —A2As 


k 


Let (K,, K:) be the new coordinates of a point P under consideration referred to the system 
of rectangular axes which are obtained by the transferring the origin 0 to (ky,,k:,), and let 
the new axes be rotated through the angle », rewritten as 


‘Then the standard form of the conic section is obtained as 


hk? 1+4 h 9 9 9 
= KG bK.”) , (2.16) 
Cae ee rN eg CRBS 


where (Ky, Kw), being the coordinates of the point P referred to the final system, are given 
by 
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Ky=K, cos 9+Kzsin¢ , Ky =—Ky,sin ¢+Kzcos¢ , (2.17) 
and a and bd are determined by the equations 
atb=42.4+4s , ab= 424; —A¢? . (2.18) 


That is, if x/2>y>0, they must satisfy the conditions a>b, for 4s>0, and a<b, for 4<0. 
Now, from (2.16) and (2.18), A(k,) is obtained as 


Qn mM ( _ Wk? 144 ) 


Haitian | (2.19) 
Thus 
mua* = se : hee 


V 1440 —L?) 


x 


Thus, the tube mass for a spheroidal energy surface does not depend on k,, and is equal to 
the ordinary effective mass, m*. 
Combining (2.7) with (2.16), (2.18), and (2.20), we have the following relations: 
oe ee a Pi, | 
yee om cos ¢ , Ke nf “pp S10 g , (2.21) 


where £”’ is given by 


| any yee Ele , 
2m 1+4(1—L?) 


(2.22) 


We can see the geometrical meaning of the tube angle / immediately from Fig. 2. Thus, 
from (2.2), (2.17), and (2.14), we obtain the group velocity of the electron as follows: 


Ve= Aiki + Biky+Cike ) 


y= + B2Ky+Cike , (2.23) 
Vz + B3Ky+C3Ke ’ 
where 
h 1+4 
Ai =- ; 24) 
aimee piss) ae 
and 


Bi=4,cos 9+ 4; sin @ 5 Ci=—4, sin 9+ 4; COS @ , | 
B:=42 cos +4 sin ¢ , C2=—42 sin +4, cos¢ , 


(2.25) 
Bs=4. cos ¢+4s3 sin ¢ , C3=—Ae sin 9+ 43 cos ¢ , | 


Using the relations thus obtained, we can evaluate the current density explicitly. 


§3. The Fundamental Equation 


The Boltzmann equation for the distribution function of the conduction electrons is assumed. 
from (1.4) and (2.2) to be 


Of sure afiapian eiriV Hon sage te fee pvr 
aw NRGIae: 5 (Et } GM ae Cy 


where Hy is the constant magnetic field. From the assumption already mentioned in Sec. 1. 
f is written in the form 


S=fot filv, 2) exp (ivf) (3.2) 


and then, using the tube angle, the linearized equation for fi found to satisfy the equation 
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where c*=c/(1+iwr), and w-=(eH)/(m*c). Equation (3.3) is a linear partial differential equa- 
tion with the independent variables z and ¢. Therefore, its formal solution can most easily” 
be found by introducing the Fourier transform of the function fi and the field #(z), which 
are defined by the following equations for the specular reflection case: 


fil @=Fye\ Ae exp (—igz)dz , (3.4) 
EO=F5-\" E(z) exp (—igz)dz (3.5) 
V 2r \_o ; 


The equation for fi(q), which is equivalent to (3.3), is then 


| gp ttt iactv [fq =—2 0. Beg) (3.6) 


where 7=1/(@ec*). The solution of (3.6), satisfying the periodic conditions fi(q, $+2z)=filq, ¢) 
and v(¢+2z)=v(¢), is given by 


ddd): E(q)) exp (SS) -S@)) ; (3.7) 


flq yoo E;) ))(e/we) at 


[exp (2x7) —1] 
where 6(E—E;) is the Dirac function, Ey; the Fermi energy, and 
SY) =rlP—ige*(h/mu™) kf) . (3.8) 


Here we have used the facts that 


i‘ BONA =—_ hime. (3.9) 

and 
pe thE it us 3.10) 
aE (E—Eys)., (3.10) 


which holds for a highly degenerate electron gas. 
The Fourier transform of the current density can now be calculated by means of the: 
formula 


Ka)= 4.5 \ewhl@ak (3.11) 
which is equivalent to 


jp rede fiDak, (3.12) 


where dk, in term of ka, ¢, and E, is in general given by 
dk=(mua*|h?)dEdknd? . (3.13) 
From (3.7), (3.11, (3.13), and (2.19), we obtain 
Iq) =(1/42*)(e?m*/wch*)(exp (2x7) —1)™ 
«(del “al ay (y(o)- Gq) exp (SSW) 3.14) 


—Kym 


where km, obtainable from (2.19), is 
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Rm= (2mm E;/h* [1+ 4 —L?))/A + 4]? (3.15) 


and S(¢’)—S(%) is rewritten from (2.17), (2.18), and (2.28) as 


S@)-S =r —p) +4 heaee wT sine ) [sin (*) ali (“44 +6) (3.16) 


m*oc Lh a b 2 


where Ey’ denotes that the value of E’ at the Fermi surface is to be used, and the angle 
© is defined by 


tanO=/Y a/b tang . (Sel 
Equation (3.14) defines a conductivity tensor in the g-space. We can write, 
Ti(q)=xoix(qvEx(q) . (UA Ree eal (3.18) 


The expression of the components of the tensor have been given in the Appendix. 

Using the current density thus obtained, we must next solve the Maxwell’s equation for 
the electric field components. In the g-space, the equations in which the boundary conditions 
are already contained are given by 


(—g?-+02/c?) Ex(q) = (4io|e) Ie(q) + / 2k @), (3.19) 
Eq) =(4ri/w) IAQ) , (3.20) 


where E:x’(0) denotes that the derivative of Ex(z) with respect to z is to be evaluated at z=0, 
and the index k denotes the components (x, y) of the electric field. These equations are 
equivalent to 


(4- grad. div ——~ sa Ble pe Caleta Mz 1). (3.21) 
Using (3.20), we can rewrite (3.18) as follows: 
Ti(qy=Zxoix (QVEK@) , G, R=x, y) (3.22) 
Gix =dix—(GizO2x)|(Cxz+iw/4n) . (3:23) 
The surface impedance Z is defined as the ratio of the electric field at the surface of the 
ttotal current per unit surface area, that is, 
Zz =(4n/c)Ex(0)/Hy0)), = Zy= —(4x/c)(Ey(0)/H2(0)) , (3.24) 


for the two cases of longitudinal and transverse cyclotron resonance respectively. There- 
fore, from (3.19), (3.23) and (3.24), we obtain the following formulae: 


Z=(Biale)\ da] g*-+ (Aniolc!)ow’ sie hae, (3.25) 
0 


$4. Plasma Resonance in Semiconductors 


In order to test the validity of our theory, it is most reasonable to consider the case of 
‘semiconductors, because the effect of the space charges of cyclotron resonance in semicon- 
‘ductors is well-known as the plasma resonance of the experimental and theoretical studies 
of Dresslhaus et al.'®) on In Sb. 

As already mentioned in Sec. 1, the condition O(re/6)<1 holds in semiconductors at the 
microwave resonance, so that it is sufficient to consider only up to the second order terms 
of *-functions which are defined by the equation (A. 5), expanding these functions in the 
ascending powers of s defined by (A. 6). The power-series representation of ¥-functions 
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are given in the Appendix (Equations (A. 7) to (A.11)). The first terms of these correspond 
to those investigated by Dresselhaus et al., and the difference between the Boltzmann and 
the Drude-Lorentz theory begins to appear only only from the second terms. Here we 
confine ourselves, for simplicity, only to the case of isotropic energy surfaces. 


In the case of longitudinal cyclotron resonance, the Oxz-Component vanishes and the dgy:- 
component is given by 


1 (vytq)? 
ea 1 — = ai 
d it 9 a (4.1) 


where vy is the group velocity of the electron at the Fermi surface, and o=(ne?r*/m). 
Therefore the surface impedance is not affected hy the space charges. From (3.19), we can 
now obtain the condition for excitation of plasma oscillations. For instance, in the case 
when w-=0 and wr>1, we obtain the well-known formula 


wo =p’? +(3/5)q?v7? , (4.2) 


where w»?=(4zne?/me), and ¢ is the dielectric constant of the crystal. 
Next, in the case of transverse cyclotron resonance, where the microwave electric field is 
perpendicular to the magnetic field, the o,,’-component is expressed as 


¥ oy? (4zia/e) | 
= 1 —- we ze (4,3) 
OA 1+7? | 1+7?)o—7?(4ri0/e) ne 


where 


a= 


Oo vf? (8—7?) E _ 48210 ER 


i Tan (4,4) 
5 we? (1+7?)(4+7?) so (1+7?—7?(4zi0/ew))? 


Here the first term corresponds to that investigated by Dresselhaus et al. and the second 
results from the fact that the kinetic theory takes into account the non-local effect of the 
electric field within a cyclotron radius, and the second terms in parentheses of (4.3) and 
(4.4) express the contribution from the space charges. As will be discussed below, the first 
term in (4.3) agrees completely with that obtained by Dresselhaus ef al.. 

Writting D as the depolarization factor, P as the dielectric polarization, and y as the di- 
electric susceptibility, we obtain the equation of motion for conduction electrons in semicon- 
ductors as 


m(v+r—'v)=eE,+(e/c\ux A) , (4.5) 
where KE; is determined by the equations 
E,=E—DP=E—D(ner+ 7E:) . (4.6) 
When the medium is semi-infinite in extent, we can suppose 


Dix=9 , Dyy=9 , Dez=Ar , (4.7) 
and 
=] --4ryx . (4.8) 


Therefore, taking the external fields as 
jH=(O, 13, 0) , 8h =56, 0,0). (4.9) 


we can obtain 


ner (1+ tw"t) (4.10) 
m  [(1+iw’t)1+tor)+(wer)*] ~ 


Oyy = 


where w’=w—o,*0-'. This is the same as the first term of (4.3). The drift-velocity treat- 
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ment of Dresselhaus et al. is valid, when the effect of o((70/d)?) can be neglected. 
Finally, from (3.25), we can obtain the surface impedance in semiconductors which can be 
expressed by the skin depth as 


Zr=(4nivfc)dx,  (k=x,y) (4.11) 


for the two cases of longitudinal and transverse resonance, where the skin depth 6x are 
given as follows: 


s=|( Ariws _ ew* Ne — Grioo ieee) (4.12) 
C Co (1+ itor)? + (wer)? 
by =[{ echo ) (1+ (4niw/c*)a) pe o- 
ce Ce 


. 


§5. The Surface Impedance in the Extreme Anomalous Limit 


We shall consider the cyclotron resonance in metals in the absence of inclination of the | 


magnetic field to the metal surface; a short discussion on the inclination effect of the 
magnetic field will be given in the following section. 
As before mentioned, the condition s1 holds for metals, so it is necessary to obtain the 


asymptotic form of the 3-functions. These are given in the Appendix (Equations (A. 30) to | 


(A. 34)). We first consider a spherical Fermi surface; in this case, we obtain 
L(q)=3ckK2E-(q) , I{qg)=30K2EXQ) , (5.1) 


for the longitudinal resonance, where 


Sere coth (zy) , Khe 2S (5.1) 


St 
and 
s=(igvy)/We . (5.3)! 


These equations show that just as in semiconductors the effect of the space charges have 


no influence upon the surface impedance at microwave frequencies. However, the combi- | 
nation of J/g) with (3.20) showes that the excitation of the plasma oscillations will occur at. | 


the much higher frequency 
o=l2zick: . (5.4) 


In the transverse resonance, the non-vanishing components of the conductivity tensor are 


Oyy=30Ki ) —Oyz=0r =30K3 : Ozz=30K2 (5.5) 
where | 
+1 7? cos ((2guz/we)—(x/4)) iy? 
Kaw yf eS: th 6) 
2 V2 si sin (ir) ie SB) | 
Thus, from (3.23), we have 
oy! =30K1—(12rio Ky?) {(o—12nioK2) (6.7) |} 


which satisfies the conditions E,(—q)=E,(q), and I,(—q, —we)=Iy(q, we). In the region of 
microwave frequency, the condition |12zicK2|Sw holds in metals, so the second term in (5.7) 
has the asymptotic form (Ks)?/Kz which can be expressed as 


K3?/K2~(iny?/4s*) cos? (—2is —(x/4))/sin? (iz) . (5.8) | 


That is, the effect of the space charges occurs at the order of s-3, 
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For the case when the microwave electric field is not parallel to the magnetic field, the 
conductivity for the current parallel to the electric field, say dpara., iS given by 


Opara.(Q) =30K1—sin? A(izy/8s*) coth (x7) , 


(5.9) 


neglecting the effect of the space charges, where / is the angle between the magnetic field 


and the electric field. 
order of s-3. 


The part of angular change makes also a small contribution of the 


Next we consider the spheroidal Fermi surface, assuming, for simplicity, that (x/2)>0>0, 


and 4>0. 


a=(h/my)[1+4(1—L?)] , 


In this case, a and b must be given from (2.18) as 


b=(h/m) . (5.10) 


Then, combining (5.10) with (3.17), (A. 3), (A. 4), and (2.25), we can obtain the following 


relations: 


cos 20S3- —sin 20P3+S3*=0 3 


S3t =A. ; 


cos 20S,-—sin 20Pi14+Sitt+hAr(Rkm?/Ey) “Hh ’ 
mM 


5.11) 
cos 20S;-—sin 20P;+S;*=0 ’ 5.12) 
cos 20S5~ —sin 20P.+Ss*=0 , 5.13) 
Ss' =e ) Sst =As ) 5.14) 
2h 1+4(1—M?) 

14+4N? hose) 

2h 1+4(1-L? 
@,, tnd (5.16) 


COs 20S4- —sin 20P.4+-Sy* = 


mio) WeedN? ols 7 


Then, neglecting terms whose order is higher than s~* (the terms of O(s~*/*) being also of 
a small contribution, because they oscillate rapidly in the extreme anomalous limit), we can 
obtain the o,,-, and the o,,- component of conductivity tensor as follows: 


Oxn=q 'e2mEs/2xh*)Grx(L, M, N) coth (x7) , (R=%, y) (5.17) 
where 

Ger=(1+ 41 —-M?))/14+ 4714+ 4N?)3” , (5.18) 
Gy=(4+41-L*%))/04 4414+ 4N*)3”? . (5.19) 

Therefore, if the displacement current is neglected, the surface impedance is given by 

8 we wh? 1/8 

LAe=ao (1 tiy —— tanh!/? (xy) , 5.20) 
Wa ey ( Son Pam spirale a See 


for the two cases of longitudinal and trans- 
verse resonance, respectively. 

Finally, we consider the effect of the space 
charges on the conductivity tensor in the g- 
space. Using the relations already obtained 
(Equations (5.11) to (5.14)), we have the com- 
ponents of the conductivity tensor required 
for the present purpose as follows: 

Ore =Orn = —(2E°2m* Ezkmy|/n?wch®)Ass—* ; (20) 

Oye =Ory = —(2€?m*EyRmy|[n?ach®) Aes? , (5.22) 

COzz2 = —(2e?m*Eskmy/z?wch*) 4ss~* . (5.23) 


Here the contribution from the terms of 


o(s-!) and o(s-*/2) have vanished, as may be 
seen immediately from (5.11), (5.12) and (5.13), 
and we have considered only up to the second 
order terms of s-'. The correction term of 
oix(q) due to the effect of the space charges, 
say J4ox(q), has an asymptotic form like 
—(i0x)02 at microwave frequencies, so that 


None =(2€?m*E shy [7?wch*)(As?/43)s~* ) (5.24) 
Aoyy =(2e2m* Esky |[n?wch®)(Ae?/43)s~* ; (5.25) 
From these equations, we can see that the 


effect of the space charges occurs through 
the anisotropy of the Fermi surface, although 
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it is only of the second order of s-! for the 
present case and the orientation of the fields 
relative to the principal axis of the crystal 
has complicated influence on Jox. From the 
facts that Jo, is of the third order of s“! 
for an isotropic Fermi surface,, and then it 
becomes of the second order for the spheroidal 
one, we imagine that the effect of the space 
charges will occur at the principal order s“! 
for more complicated Fermi surface. We 
shall discuss this problem in the following 
section. 


$6. Concluding Remarks 


The semi-classical Boltzmann theory of 
Rodriguez for an isotropic metal was extended 
to the simplest model of a uniaxial anisotropic 
Fermi surface, using the concept of the tube 
angle which had been originally introduced 
by Shockley!®. The method of our calculation 
consisted in the solution of the Boltzmann 
equation for the distribution function of the 
conduction electrons in Conjunction with the 
Maxwell’s equations for the electric field. 
The general expression for the current density 
was derived, subject to some assumptions 
which seem to be reasonable under the anoma- 
lous skin effect conditions in a magnetic field 
of the order of 10‘ oersteds. The quantum 
effect of the electron field was not considered 
in the present paper, becuase de Broglie 
‘wavelength of an electron at Fermi surface 
is very small compared with de at the 
temperatures and frequencies at which the 
anomalous skin effect appears. Therefore, it 
is reasonable to consider that the motion of 
electrons is nearly classical. Another quan- 
tum effect of the photon field was not also 
‘considered, which may be appear in the opti- 
‘cal and near infrared frequency region. But, 
as already discussed by Holstein’, and later 
by Gurzhi??, we obtain from this discussion 
merely a information about the physical 
meaning of the effective relaxation time of 
the conduction electrons, so it is not essential 
for our phenomenological description. 

On the other hand, according to the theory 
of a Fermi liquid proposed by Landau", it is 
considered that the conduction electrons in 
metals are rather different from the model 
of quasi-free electrons. For this reason, the 
theoretical work by Silin2?) on anomalous skin 
effect from the point of view of the Landau 
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theory is worth nothing. | 

Ignoring the problem of these different 
starting points, the correctness of our formu- 
lation should first be examined. Therefore, 
in Sec. 3, we first considered the well-known 
plasma resonance in semiconductors which was 
originally investigated by Dresselhaus et al. 
on InSb both experimentally and theoretically. 
In fact, it was shown that the drift-velocity 
treatment of Dresselhaus et al. is valid when 
the effect of o(s-?) can be neglected. 

In contrast with the quantum effects above 
mentioned, and the temperature dependence | 
of the surface impedance discussed by Kaner | 
and Azbel’!) which seems to be small for | 
the degenerate electrons, the inclination effect 
of the magnetic field to the surface is es- 
sential for the cyclotron resonance in metals. | 
At present, 6/re is regarded as the measure 
of the critical angle, as is easily seen: The 
electron having the velocity components v, 
and v,, parallel and perpendicular to the 
magnetic field respectively, will contribute 


(6/2xre(v1)’) x (vi /v1) 


times to the resonance, where ¢’ is the in- 
clination angle of the magnetic field. Hence, 
if we take @’ as 6/2zr- (7% being the cyclotron 
radius of the electron having v,=v,), it is | 
easily seen that electrons contribution at | 
least more than once to the resonance are 
only those satisfying v,>v,. But, when v, 
becomes large, 7-(v,) too becomes large, and 
accordingly, the contribution does not neces- 
sarily increase. Since, moreover, the lower 
limit of v) is limited by the relaxation time 
to be of the order of vyx(r-/l), the contri- 
bution from the neighbourhood of v,=0 is of 
the order of (wet/2z) x (7/1). Thus, when the 
inclination amounts to about 46/r-, the contri- 
bution to the resonance is lowered by about 
one power of s. 

Finally, we will discuss the effect of the 
space charges on the surface impedance in 
metals. This effect was first considered by 
Heine qualitatively and later by Rodriguez!®) 
for spherical energy surfaces, and it- has been 
concluded that the effect of the space charges 
is in general small. But, as mentioned in 
Sec. 1, the combined effect of the space 
coarges and the anisotropy of the Fermi 
surface must be carefully examined in the 
anomalous skin effect region: According to 
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the Drude-Lorentz theory of normal skin 
effect, the increase of the space charges is 
opposed by two forces, as may be seen im- 
mediately from (4.5) and (4.6). The first is 
a harmonic restoring force of which force 
constant is w,?. The second force is of a 
viscous nature and is inversely proportional 
to the relaxation time of the conduction 
electrons. On the other hand, another viscous 
nature appears in the anomalous skin effect 
region. In order to clarify this fact, it is 
convenient to consider the imaginary part of 
the dielectric constant in the g-space. This 
is given by 

(oct<1) 

€2= —(w,?/@)(1/v7q) , ((w/vyq)<1) 

for the two cases of the normal and the 
extreme anomalous skin effect respectively. 
Thus, (vq)! in the latter plays a role of the 
relaxation time in the former, and so we can 
obtain a finite surface impedance, even if, 
under the extreme anomalous limit. There- 
fore, it is possible, in principle, to consider 
that the effect of the space charges in metals 
occurs at the principal order s-! when the 
anisotropy of the Fermi surface is complicated, 
and the magnetic field is not along a sym- 
metry axis. In fact, as pointed out in the 
preceding section, the order of the contri- 


€2= —(Wy?/)T , 


hA;’ , rts Pay 
OF S25 P2, 
On Sa 5 iar, 
OF Sz", Ps; 
Ox Sa. Ie 
0, Ssic Pixs 
Or Ssh Pes 
0, Des Poe 
0, Se Tee, 


where 
Se 6 br 0 Ce, 
S3* =a BiBs+b'C1Cs , 
S;#=aB2Bs+b'!C:Cs., 


P= 4 (2BiCs) 


* 
Ps= 7 (BiCi+ BCs) , 


Sk 
Ps = 7 —(BiCs+ BiCs) , 
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bution of this effect to the conductivity is: 
lowered by one power of s-' for the sphe- 
roidal energy surface whereas it is the third 
order of s-! for an isotropic metal. 


The authors wish to express their hearty 
thanks to Dr. D. Shoenberg who has kindly 
read and criticized the manuscript, and to 
Professor H. Nakano and Mr. K. Yamada of 
Nagoya University for their helpful discus- 
sions. 


Appendix 

Using the fact that the integrals for k, in 
(3.14) vanish except for the even term of k,. 
in the products v:(¢)v;(¢’), we can obtain the 
formal solution of the conductivity tensor in 
the g-space. For the present purpose, it is 
convenient to write both the nine components. 
of the conductivity tensor and the five func- 
tions +; as the components of row vectors, 


Lem 
4x? ach? 


a(M), (A. 1p 


where 
F=(Gxx, Oxy, Fxz, Fyx, Cy, Fyz, Fee, Tzy, G22) 
2=(51, Xe, ds, D4, Xs) : 


Here the transpose matrix of (M), (M)’, has. 
been defined by 


? 


hey Talla 0 
Set, —(m*/m1)4s 
S3t 5 (m*/m1)4s 
Set , (m*/m1)4s 
See 0 (A. 2) 
Sst ; (h/m*) 
Sst, (m*/m1) ds 
Sse —(h/m*) 
Sere, 0 
Sot =a BiBretbCiC:2 , 
Si =7] Br banCs*., (A. 3). 
Sot =a Bs? +b“ C3? 5 
* 
P2 = 1, (Bile Bil) 5 
P.="—-(2B:C2) , (A. 4)» 
* 
Ps aa 7 (2BsC2) > 
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and the column vector of the Y-functions, 2”, as follows: 


ke , 
E’ cos (¢ +¢) , | 


27 =[exp @a7)—1"\" dke Vs al a | E’ sin (¢’+ 9), exp [S)—-S@)] . 


aki, |’ cos (d’ —¢) 4 | 


\E’ sin (¢/—¢@) ,}. 


‘The change of variables 2€=(¢’+¢) and 27=(¢’—¢), that is, 


In p+an x H+2r 
| as| ay =2\ dr\ dé 
0 


0 y n 


enables one to calculate (A. 5) in the ascending powers of s, which is defined by 


it ihq | 2Eyz oo 0) a sin? ey" 


— mac h a b 
as follows: 
An ee i 
D1 = =— Rye 2m]] : 
; 7 2, (Qm+302m+" (m) 
Ar 2 2m 
»+.= —— Cc s20E ema = __ g2m JT “ 
pa os Aa sTo ao, (one ME? 
S+3—=—tan 2022 ; 
4x 2 2(m+1) 
Si E kn 2m J] red / 
et eo) Om+3\Qm+1)> [Z(m)—(m+1)(2m4+1)Tim+)), 
2 2m-+1) 
Dy =—4 Eykmn es 2m JT 
‘ Saas = 2m+3 ape ise Als: 
~where 


(mm) =1/L (72+ Fp eae 
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(A. 5) 


(A. 6) 


(A. 7) 


(A. 8) 
(Arr) 


(A. 10) 


(A. 11) 


(A. 12) 


‘The magnitude of s is of the order of 7c/def, which is very large compared with unity for 
the metal in the anomalous skin effect conditions in a magnetic field of magnitude between 
10? and 10‘ oersteds. Therefore, it is necessary to obtain the asymptotic expansion of J- 


functions. 
Using the Anger-function”®, which is defined by 


TAZ) == | cos (vO—Z sin 0)d6 , 
0 


we can obtain the following relations: 


. 1 2m —— Fs3 2. 

2 2m+3)(2m+1) sty eae i dLaVZ)), 

$ 2m he Br i vices 

2 2m-+3)\(2m+1)- eon (Zaz \(2 i MER fe )) , 


2(m+1) 
0 (2m+3)(2m+1) 


conn) = (2+ 3 \es[az ena), 


(A. 13) 


(A. 14) 


(A...15) 


(A. 16) 
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2m 2m — 0 _ 
Daan) = Carag 1P(Z)) | (A. 17) 
RC ase OPE nNOS Bete. 
25 ee (z Ne (Z)) , (A. 18) 
where 
Po ae i" 
Suing |, ZMZ)+ IZ) - (A. 19) 
and 
v=2ir , =—2is. (A. 20) 
Here we have used the fact that 
> "1 (m)=——(JZ) + J-AZ)) . (A. 21) 
m=0 2 sin vx 


As the asymptotic expansion of (/(Z)+J-.(Z)) is given by 


os cos (Z—7/4) 2vsinyz\ 1 
WZ eZ ~{2 — 5 
Zt ee) 2/2 cos °° os ( : siege (A. 22) 
we obtain 
: oo Z 
PZ)=5 22 | \"dzna+ LZ) +\" oa ee 
2sin vt Jo 
make vat peer 2 4 sinks sais) 
eae: + (795 sin aH) Vz +3 Glas 
Similarly, 
\; ZZ az~Z( cot 5 tae 
6 4 2, 
— W/Z cos (2-4 on (28 sin oF +V? vn(sin ialine (A. 24) 
“Therefore, we can obtain the following asymptotic form: 
\ mp t_[ Pe vt vial cos (Z—7/4) ( es : 
(A. 14 ites cot )+ a) ae (A. 25) 
1 /va vr sin (Z—7/4) vr ie thee 
J nabs ae ae piers Seer eee (A. 26) 
1 [vr vit sin (Z—2/4) ee 
(A. 16 me cot ee of (= sin cok (A. 27) 
1 /vx vt : ms vT 1 
(A. 18 rol = cot | VZ sin ia N reer ze mange F(a), (A. 28) 
1 [vx wer yo COS (7 — — vr Nee oy? A. 29 
(A. )~—H(F cot See. eae (A. 29) 


If we confine ourselves only up to the second order term of (1/s), the asymptotic form of 
sthe Y-functions are then given by 


Anew tle] ye 7) 1 »| O(Z-5/2 (A. 30) 
D1 * kad | (“cot ta) Ar ( a 
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arora 1 /vx vit SIN (Ze ey, PON Pg 
ere Cos 208 ho) Al 4 cot 2 ) a Sas sin (vz/2) ) i Ze aa 
(A. 31) 
33;=—tan 202, , (A. 32) 
An L/vcjve\  sin(Z—n/4)( ve , 
M4~ Exkm Ei 4 cot D) ) VAL Cie sin (vn/2) )| ) (A. 33) 
PY iO) / Fa a, (A. 34) 


From these equations, we can obtain the conductivity in the extreme anomalous limit. 


1) 


2) 
3) 
4) 
5) 
6) 
7) 


8) 


9) 
10) 


11) 
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The shielding of a fixed charge of an impurity atom in a metal has 
been calculated self-consistently by means of the first order perturbation 
theory without use of Poisson’s equation. It has turned out that the 
displaced charge density of conduction electrons is finite at the center of 
the fixed charge, and that the dependence of the exchange potential upon 
the wave vector results in an uniformly displaced charge density in the 


crystal. 


The theory has been extended to the case of the degenerate 


electron gas including two static charges. 


Introduction 


§1. 


If a few impurities are put in a monovalent 
metal and are ionized, the new conduction 
electron density of the metal is determined 
by the static charges of the ionized impurities 
and the mutual Coulomb interaction of the 
electrons. Asa result the charges of impurities 
are shielded by these displaced electrons. Mott 
and others!-? have studied this problem with 
various approximate methods. For example, 
Friedel attempted to attack this problem with 
a self-consistent method which was a physically 
reasonable approximation, and Langer and 
Vosko solved it by the quantum-mechanical 
many-body theory and made it clear how far 
the displaced charge density depends upon the 
correlation of electrons due to their mutual 
Coulomb interaction. Most of these calcula- 
tions, however, dealt with only the Coulomb 
interaction but not the exchange one. 

The present author and Toya treated this 
problem with the linear approximation of the 
perturbation theory taking the two interactions 
into account. To assure the self-consistency 
of the Coulomb and the exchange potential, 
however, they had to use a rough approxima- 
tion. Their displaced charge density turned 
out to be of the Thomas-Fermi type, of which 
the shielding constant was larger than in the 
case that only the Coulomb potential existed, 
and therefore, to diverge at the center of the 
impurity ion. 

In the present paper we shall treat a mo- 
novalent metal, into which a fixed charge, 
(Z+l)e, of impurity ion is inserted. To deter- 
mine the distributions of conduction electrons 
in this metal, we shall consider the Coulomb 
potential of the impurity charge and the mutual 


Coulomb and the exchange interaction of 
electrons. Using self-consistent method, we: 
shall estimate the charge density of these 
displaced electrons with the first order per- 
turbation theory, but with out using the Pois- 
son’s equation. It will be shown that the 
displaced charge density is finite at the center 
of the impurity ion and has a longer tail 
than in the case of the Coulomb potential 
alone, and that an uniformly displaced charge 
density appears in the crystal owing to the 
denpendence of the exchange potential upon 
the wave vector of the electron, though it 
does not appear in the case of the Coulomb 
potential alone. 


§2. Effective Potential 
We write the Hamiltonian of one electron 
approximation of Hartree-Fock for the system 
as follows; 
H=Hho--H . (1) 
Here, the perturbation term H’ consists of 
three terms, that is the Coulomb interaction 
energy, Vi, and the exchange energy, A, of 
a conduction electron with the other electrons, 
and the Coulomb interaction energy, V2, with 
the ionized impurity; 
Hise Va Ver-A (A> 
The eigenfunctions and the eigenvalues of 
the Hamiltonian Ho of the unperturbed system 
are assumed to be those of the free electrons, 


Ao Cr=Ex x (3) 
(4) 


and 
iat : (5) 


1963 


1964 


In (4) zs is the spin function, and 2 is the 
volume of the crystal. 

The perturbed states of the Hamiltonian H 
can be written in the first order approxima- 
tion of H’ as follows; 

or=W + 5 + ae 


k' =k E;— k’ 


(6) 


where we assume that yx have the unmixed 
spin states. Eachof Vi, V2and A in (2) is 
expanded in the Fourier series, 


pe = Vile", (7) 


Vat ¥ valge'e , (8 
q 
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and 
1 ; 
A=— > A(qge'?’ , (9) 
N ~ (qe 


where JN is the number of the lattice points. 
For these Fourier coefficients 


via=F | WGP . (10) 
via=F | Vie—*2'"dr (11) 
Q 
and 
Ags fy \Ae rar 5 (12) 


The relations (7), (8) and (9) give being 
substituted into (6), 


(13) 


ve=(—5 eer tl 1+ : 5 gah Vag) + Al@) de? : 


N a0 


Exr—En+q 


Since Vi is the Coulomb interaction operator between conduction electrons, and A the 
exchange interaction operator, Vi and A are defined as follows”, 


Vitex) = S| eklrdedr)Ura)drW x(n) 


and 


AV x(n) = ee |vttriiratrs) U(riz)dree.(11) . 


(14) 


(15) 


Here, the set of functions ¢,(r) are the occupied one-particle states of the electron gas, U(/12) 
is the electron-electron interaction, ¥x(r:) is any one-electron wave function, and >) represents 


the summation with respect to spin states. 
Then we rewrite eq (10) as: 


Vi(q)= “persia TrarVie'K naidr: , 


where a is the spin-up function. 
{exp (7K-ri)}a1, is substituted into (16), 


$3 


(16) 


When the relation (14), in which ¥Yx(ri) is replaced by 


N on 
Viig= 0 atic aid, =| ek edprirUirnidracr aidn . (17) 
Similarly, from (12) and (15) 
ee A ene * iK: 
AM) =——- CA ta > e*X(rn)e*T2 a2 U(r12)dreo,(nidn , (18) 


where spin states have the same direction. 


If we use eq. (13) for yg, in (17) and (18), we obtain the following relations of Vi(q) and 


A(q) in the first order approximation; 


95: J ee syst Vi(g) + Vo(q) + A(@) 
Vilq)=2 ( | 
H=25, 1 jqaa++-Jea) al 
Jey, Vik(—@) + V2*(—@) + A*(—Q) 
tho) Har aa be \ 41g) 
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‘and 


A@=—E] "5" KW +4, KKK VDE) + A@) 


. k— Ekg 


+k at were q)+ V2*(—q) + A*(— er (20) 
Ey.—Ex-q 


where J(qg) is the Fourier coefficient of U(r); 
Jig) ="5-\Ue'« dr : (21) 


‘Since U(r) is the Coulomb interaction between electrons, 


~ Are? 


ie 


Ie 


q#0 . (22) 


Using (5) and (22), and replacing the summation over k in (19) by the integration, V:(q) 
with g+0 becomes as follows; 


2e2mko 


Vig) =——,, F@OWVi@)t+ Vilg)+A@), 940, (23) 
ah*q 
where 
A4ho?—q? ,__|2ko-+q 
= lo 
fq@=1t+ oe 08 oka)” (24) 
and & is the magnitude of the wave vector of the Fermi-surface. 
In the similar way, from eq. (20), A(g) with q+0 is equal to 
Q - . ji k)+JK+k+@) 
A(q)=— Vi V: A dk 0. 2 
D=— ay (Vila) + Vola)+ Acq) | ee q% (25) 


It is very difficult to integrate (25) over k analytically for any K. However, when K 
thas the same direction with g the integration of (25) can be done, and A(g) becomes 


A= ee Fg; K\Vilq)+Vel+A@), 940, (26) 
where 
a k | 2k-+q | Kiki. |\Ktq+k 
- ity log 27 
Wiriy \, ae ae tee BOR Airlae Be aay ee 


It seems that eq. (26) represents approximately the dependency of the exchange potential 
on the magnitude of wave vector K, though it is not the equation for any direction of K, 
and we assume that the exchange potential does not depend on the direction of K. 

For convenience we shall measure g, k and K in units of &. Putting g, k and K to be 
equal to Rox, Roy and koz respectively, f(q) and F(q; Kk) become as follows; 


ee. | | 
fe) 1 eo ype one (28) 
were y Zeke fi) | ztaty | 
Sere ; log | e lo =| = LOG pe eh (29) 
F(x; 2) \@ erera 08/55 eee ete, | 


Fig. 1 shows the curves of f(x) and F(x; z) vs. x, in which z has the value zero or 1. 
The exchange potential of the free electrons decreases with the magnitude of the wave 
K, vector and its value of the electron which has K=0 (or z=0) is about three times as 
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large as that of the Fermi wave vector (z=1). 
From eqs. (23) and (26) the ratio of A(g) and Vi(q) becomes 


A(x) _ _ «Ex; Z) (30) 
Vi(x) T Oia i 


and therefore, the correction by:the exchange interaction depends on the function xF(x; z)- 
The curves of xF(x; z) vs. x are represented in Fig. 2 in two cases of z=0 and 1. 


15 lis) 
: I 
If | bs 
O,5+ 0,5 
| 2 R a 5 6 | Fe 3 4 5 6 
x x 
Fig. 1. The behaviors of F(a; z) and f(x) vs. x. Fig. 2. The behaviors of wF(a; z) vs. 2, of which 
The curve lis F(a; 0), the curve II F(a; 1) and the curve I is xF(a#; 0) and the curve 2 #F(z; 1). 


the curve III f(z). 


The Fourier coefficients of the Coulomb and the exchange potential are obtained by solving 
simultaneously eqs. (24) and (26); 


(2ho/raz) f(4) 
q? + (2ho/naa) fq) —(2q/zan) F(q; B) ” 


Vig)=—V2(@) q#0 (31) 


and 
(2q/naa)F(q; K) 
gq? +(2ko/xax) f(g) —(2q/nan) F(q; K) ’ 


A(q@)=V2(q) q#0, (32) 
where da is the Bohr radius #?/me?. 

In the next place, when we do not consider the exchange interaction between conduction 
electrons, we obtain the following V:(qg) from eq. (23) in which A equals to zero; 


2g) = —Volq) Chelan) S) 
V5 aiailVal rt sere to nted endl (33) 


The formula (33) is equivalent to the result without use of (14), but with use of Poisson’s 
equation. 


§3. The Displaced Electron Density 
The charge density due to the displaced electrons is 
ko kn 
4n(r) = =( Soereu = Swe) 
= (ko? —Rp?) nae Ss Vilg; k)+ V2(q)+ A(q; k) 


3x k q¥0 EAP ite 


ear ; (34) 


where ky refers to the magnitude of the Fermi wave vector in the unperturbed system, and 
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(Ro—kys) is very small as compared with ky. The Fourier coefficients A(q) depend on the wave 
vector k from (26), and therefore it is difficult to carry out the summation over k in eq. (34). 


Here, we neglect the dependency of A(g) and Vi(qg) on k, and put the second term in 
the right hand side of eq. (34) to be equal to the term 


4 } i 
*_S (Vig; K) + Vi(q; :K)) S——— oi" 
ON 1(q; K)+ V2(qg Se CS) era a er. 
by introducing the appropriate value K of k in A(g) and Vi(q); 
’ <a Rp mko = . / 
Ani) =F (hake) pegs (Vig; K)+ Vela + AG: Keer f) . (35) 


If Vig) andA(g) do not depend on k at all, for example in the case neglecting the ex- 
change potential, the first term in the right hand side of eq. (34) is equal to the second term 
for g=0 by the Friedel’s condition, that the Fermi energy does not vary by the perturba- 
tion’. Therefore, the summation over g can be taken by including g=0, and the uniformly 
displaced charge density disappears. 

When V:(g) and A(qg) depend on k, the first term of (35) is not always equal to the second 
term of g=0, and the uniformly displaced charge density appears in the metal including the 
impurity atom. 


Since 
V2=—(Ze?/r) , (36) 
we have 
2 
Vig ae (37) 
OY OF 


where Z is the difference of valency between a matrix atom and the impurity. 
If Eqs. (31), (32) and (37) are substituted into (35), and the summation over q is replaced 
by the integration, the displaced charge density is obtained; 


kw? Zkv (* , qsingr I@) 
An(r)= Rocoka dq*-—*- ——_— = , 38) 
noth eat, I=) ek sna @ Cqinany PGP ED 


where the integrand in the second term of the right hand side is zero in the point g=0. 
The Fermi wave vector k of the perturbed system is determined by the normalization of 
An(r); 


4e|“dniryrtdr=Z.. (39) 
0 
In"the case of no exchange interaction, the displaced charge density becomes exactly 
Zkr (* , qsin gr FQ) 
dn®(r)=~=\ dq2—_ -——_—- 7 (40) 
page: al : if q?+(2ke/zan) f(q) 


by using (32) instead of (31) and (33), and it coincides with the result obtained by Langer 
and Vosko, who consider only the bubble diagrams of Gell-Mann and Brueckner. 
We measure # in units kr, r in 1/kr, and 4n(r) in (kr). Then introducting the density via 


No=1 (Grea) ; (41) 


and putting vs and Z to be 3 and 1 respectively, we rewrite the second term of (38) as 
follows; 


$A) x sin F(x) 7 (42) 
5.041 x 10 |, yr x*-+.0.9951 f(x) 0.9951 xF (x; 2) 
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Fig. 3 shows three curves of (42), of which the parameter Z is equal to zero and 1 and 
F(x; 2) iS zero respectively, in comparison with the Thomas-Fermi charge density. 

The curve I is the charge density in which the exchange potential is overestimated, and 
the curve II is the case of its too small estimation. The curve III is 4n'”(r) of Langer and 


Vosko, which is eq. (40). 


Table I. The formulae (42) and (40), and the Thomas-Fermi charge density for 7;=3.0 


Formula (42) Thomas-Fermi 


Formula (40)* 


i = 3 charge density* 
Z=0 il 
0 0.231 0.147 0.1276 
0.4 0.173 0.105 0.08847 0.2242 
1.0 0.105 0.0548 0.0444} 0.03847 
1.6 0.0429 0.0224 0.01767 | 0.01031 
Dies 0.00275 | 0.00497 0.004651 | 0.003217 
258 ~ | —0.00625 | 0.00101 | 0.001680 0.001854 
Sul | —0.0101 | —0.00137 | —0.0002945 | 
oi | —0.00477 | —0.000886 | —0.00006459 
* According to the reference (6). 
In the case of only the Coulomb part as 
the perturbation potential, the number of “2 
electrons in the region from the origin of the 
curve III to its first node is equal to about 1, I \tv 
and the positive charge of the impurity is - 
nearly shielded. The curve I or II shows that 
more electrons than 1 crowd in the equivalent 
region by the attractive force of the exchange 0.1 aw 
interaction, and then the next region con- 
nected by it is positively charged. Accord- SS. 
ingly, the displaced charge density of the : nt ee 
curve I or II has a more far-reaching tail than 3 pk: 
the curve III. Fig. 3. The displaced charge densities for r;= 


3.0vs.7. The curve I corresponds to the formula 


§4. The Case Including Two Static Charges (42) for z=0, the curve II to that for Z=1, the 
curve III to that for F(a; z)=0 and the curve 


The Hamiltonian of the electron gas system 
& ¥y ‘ VI represente the Thomas-Fermi charge density. 


in which there are two ionized impurities 
separated by R with each other, can be written to be 


H=Ho+ V:+ V2(|r|)+ Va(lr—R|)+A . (43): 


The Fourier coefficients Vi(q) and A(qg) for g40 must satisfy the following self-consistent: 
equations in a similar approximation as in eqs. (23) and (26): 


Vi@= “a ga ceo Vi(q) + A(q) + V2(q) +3 Va(q)e*# 8+ 3 Va(q)et@ 8) (44) 
and 
A(q)="2"(F(q; K\(Vs(q)+ A(@)+ Vslq) + Fig; K)Valqye—"® + Fa: aR) 
ah a(qje"@ B+ Fx(q; K)Va(gjet®} , . (45) 
where | 


ko k { 
Filq; K)=\ dk x | q@+2k | K+k 
i(q; K) \ RAK Le {! Soe +log a \ (46) 
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k +2k K+q+k 
Fug; K)=\"d kere {toa | APR] —tog |X tate | 
K+Ki+K \? 92 | q—2p K+q—k st 
and 
F(q; K)=Fiq; K)+Fiq; K). (48) 
The displaced charge density of this case becoms as follows: 
mko 
Aner) =" (hy — hee) — hg a (Vig; K)+ V3(qe~ iq: R+ Aq; K)e'@ r f(q) 
_kr / 
a kr)+4n(r)+ 4dn(|r—R|) 
ee a yee sin es FOQKQ—F.q; K)) (49) 
an joq\ |r—R| Ir+R|  / q?+(2ho/zan)f(q)—(2q/nan)F(q; K) ’ 
where the Fermi wave vector k of the per- and Alloys (1936). 
turbed system is determined by the normaliza- 2) S. Shinohara: J. Faculty of Science, Hokkaido 
tion of dn(r): Univ. II, Vol. IV 377 (1955). 
3) J. Friedel: Adv. Phys. 3 (1954) 446. 
4x Instr yd =22Z (50) 4) W. Kohn and S. H. Vosko: Phys. Rev. 119: 
/ (1960) 912. 
In conclusion, the magnitude of the correc- 5) N. Takimoto: J. Phys. Soc. Japan 14 (1959) 
tion by the exchange interaction of free elec- 1142. 
trons is about 30 percents of the displaced 6) J. S. Langer and S.H. Vosko: J. Phys. Chem. 
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interaction, and there appears some uniformly 7) B. D. Silverman and P. R. Weiss: Phys. Rev. 
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The galvanomagnetic effects have been investigated in single crystal 
specimens of n-type Bi,Sez; at 90°K. The experimental results are shown 
to be reasonably consistent with the six-valley model of the band struc- 
ture in which the energy minima are situated on the reflection planes. 
The constant energy. surfaces associated with the valley are ellipsoidal 
and the ratios of the principal effective masses are m2/m,=0.33 and 
m;/m,=4.2. The ellipsoids are stretched in a direction nearly parallel 


to the three-fold axis of the crystal. 


The measured values of the Hall 


coefficient and thermo-electric power are nearly isotropic. 


$1. Introduction 


BixSe; as well as BiezTes and their solid 
solutions has been the subject of a number 
of investigations!-® in recent years mainly 
because of the interest in their thermo-electric 
‘applications. 

Some information on the structure of the 
energy band in BizTes has been obtained by 
‘several authors”)-!. Drabble and his cowork- 
ers®®) investigated the galvanomagnetic 
effects, and they attempted the determination 
of the band structure of BizTes by the six- 
valley model. However, there are only few 
investigations on BizSes, because probably of 
the difficulty in the preparation of its single 
‘crystals, but the researches of the galvano- 
magnetic effect in this materials may be of 
fundamental interest. It is highly desirable 
‘to carry out the study on Bi2Ses. 

The crystal of BizSes belongs to the Laue 
‘symmetry Dsa which has one three-fold axis 
perpendicular to a cleavage surface, three 
two-fold axes of rotation in the cleavage sur- 
‘face, and three reflection planes including the 
three-fold axis; this structure is of the same 
crystal symmetry as that of BieTes. 

The investigations of the resistivity, Hall 
‘coefficient, thermal conductivity and thermo- 
electric power on the polycrystal or single 
‘crystal specimens of BizSes have been published 
‘by some authors!)-». According to their works 
BizSes is a Semiconductor which has the energy 
gap of 0.2~0.3ev. No investigation of p- 
type BizSes has yet been carried out, because 
‘the conduction type of Bi2Ses is unable to be 
changed from n- to p-type even by the devi- 
ation of compound compositions or by doping 


a number of impurity elements. 

This paper reports the experimental meas- 
urements of the resistivity, Hall coefficient 
and thermo-electric power in the temperature 
region from about 90°K up to room tempera- 
ture, and the galvanomagnetic effects at about 
90°K in single crystals of n-type BieSes. 

The phenomenological analysis on the gal- 
vanomagnetic effects of the crystals having 
Lauesymmetry Dsa has been carried out by 
Juretschke’”, and Okada’). Drabble and his 
coworkers®*) have reported the analysis of 
galvanomagnetic effects for m- and p-type 
BizTes using the results of Drabble and 
Wolfe”, and discussed the galvanomagnetic 
coefficients on the basis of the many-valley 
model applying Juretschke’s phenomenological 
theory to the crystal of the crystal class 3 m. 
The present analysis for BisSe; has been 
treated by mean of the almost same way as 
in the study” on BieTes. 


§2. Theory 


2.1 Phenomenological theory 

The general expression for the current J in 
terms of the electric field FE, the magnetic 
field H and the temperature gradient grad T 
isi?) 

h26jE; Hoi. Bile tounE ;Helh +052 
Ox. j j 

Ge 
where the usual summation convention ap- 
plies, and the terms of higher order are neg- 
lected. This equation defines the conductivi- 
ty, Hall conductivity, magneto-conductivity 
and thermo-electric conductivity tensors. The 
resistivity, Hall coefficient, magnetoresistance 
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and thermo-electric coefficient tensors are de- 
fined by the inverse relation, 


Ex=pisls+ RigelsHe pisnil Heb + Qs ; 
(2) 


The number of independent components of 
these tensors and the relations among all of 
the non-zero components are determined by 
using the results of phenomenological analy- 
sis‘? to the crystal having Laue symmetry 
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in which xs-axis is parallel to the three-fold 
axis of the crystal and ai-axis is one of the 
two-fold axis, and *x2-axis is lying in one of 
the reflection planes, there are twelve inde- 
pendent components of the isothermal resis- 
tivity tensors oi;, Rijx and gijx., and are two 
of the thermoelectric coefficient tensors Qi;. 
These components and their relation to the 
independent components of the conductivity 
tensors 6i;, Oijx, Gijxr and Oi; are 


Dsa. Referred to an orthogonal set of axes 
Pu= . Rois 
O11 
1 
P33 = ; Soi 
633 
Giri 
YE ee aa ae ssid — 
O11 
9 
01122 0312" 
Prtiz2— 5 (233338 
O11 011°033 
01133 O123" 
P1133 = 5 ae P2311 
O11 Ou 
01123 
CI eae ar 7 ; (2323 
O11 
Ou 
QOu= —; and 
O11 


0123 
J 
ret 
0312 
011033 
2 
03311 0312 
> 
033" 011033" 
(3) 
03333 
’ 
033" 
02311 
’ 
911933 
82323 1 64280812 
611033 2 6117638 
As3 
Q33= — : (4) 
033 


2.2 Expressions of the conductivity tensors for a single valley 
The contribution to the conductivity tensors of Eq. (1) from the ith valley are given by 


the following expressions” ™*: 


Acai i ine alle me ae ee 
fo ola Se oe oo 
x e (esimErno + crinton)} of ~ dk, 
DG rarer dee aed a 


where, —e is the charge of the electron, # is the Planck’s constant h devided by 2r, < is 
the relaxation time, fo=2/f/(2z)°, f is the Fermi distribution function, k is the wave number 
is the kinetic energy of carriers, and ¢pqr is the permutation symbol.* Also 


pire oArle 
eee red 


* €nqr=0 unless p, qg, 7 all different, 
Cpqr=t1 if pqr=123, 231 or 312 and 
Epqgr=—1 if pgr=213, 321 or 132. 


vector, ¢ 
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where ( is the partial Fermi level, Eo is the energy at the band edge, and T is the absolute 


temperature. . 
For the evaluation of the integrals in Eq. (5), we assume that’: . 
1. Only one type of current carrier is present. (For BizSes these carriers are assumed to: 


be electrons at low temperatures.) . ves 
2. The ith constant energy surface in k-space is ellipsoidal in the vicinity of ko, and the 


energy may be written in the form 


a [ (ki —Rio!)? a (Reo — Rao)? oe (Ra) — Rao)? | . (7) 
, mi Me ae 


where, mi, m2 and ms are the principal effective masses. Similar ellipsoids are centred 
about the several equivalent points related by the symmetry operations of the crystal. 
3. The relaxation time rt exists and is isotropic and a function of energy only. 

Hence, the conductivity tensors are lead to the following expressions for the 7th valley; 


Ong" =— Oa , 
Mp 
Opgr) = ~— Epar 5 
MpMq 
(a) C 1 (8) 
O pars’ = (EpstErqt Sie Eprtésqt) 
MpMaqMi 2 
and 
; Agee i Jf 
Ang =O Ong Hi One 5 ) 
Mp el Mp 


where the superscript (7) is used to denote tensor components relative to the principal axes. 
of the ith valley, and 6», is the Kronecker’s delta. The parameters A, B, C and D depend 
on the forms of fo and c, and they are given by the following expressions: 


ey » Ofo 
Am tan er(2mtt | ee Fe de, 


jg le e3(2m*)3/2 | 7298/2 ahs dé 


3h? : 
C= hk ss e*(2m*)3/2 | 73¢3/2 Fo de 9 » 
3h? 0g : 


and 


D= ae e?(2m*)3/2 levee de , 


where m*=(mimzms)"/8, 


2.3 Expressions of the conductivity tensors for the six-valley model 
For BizSes crystal, the possible valley configuration in k-space might be one of the follow- 
ing five alternatives®; 
1. one spheroidal valley centred at the origin, 
2. two spheroidal valleys centred on the three-fold axis, 
3. six ellipsoidal valleys centred on the two-fold axes, 
4. six ellipsoidal valleys centred on the reflection planes, the x-axis of the 7th valley centred 
at (0, ky, kz) is in the direction of the x:-axis of the crystal, 
5. twelve ellipsoidal valleys centred in an arbitrary position and having arbitrary orientation. 
The models 1, 2 and 3 are too simple to represent the anisotropic magnetoresistance of 
BisSes. The six-valley model of the case 4 seems reasonably consistent with the experimental 
results of the magnetoresistance coefficients. The analysis for the model 5 has not been. 
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attempted, since the comparison with experiment is very difficult. 


For the model of the case 4, the independent components of the 


isothermal conductivity 


tensors are obtained as following expressions”: !); 


1 GA se 
a =3A( ‘ 
mM me Ms 
Se Ge 
7=6A( af ) . 
M2 ms 
6B 
J123 = ————(S?m2+cC?ms) , 
MiM2M"138 
3B 
0312 = ———$ (mi + C?m2+S*mMs3) ; 
mim2mMs 
3 G Ms mi M2 m m m 
Oi — <( == SME Ste ~—2 + 3c*s? aS ali = 2 ; 
4 mimoms m1 Ms mi Me Me M3 
= wo C of ms , Mm »( M2, m >( Ms , Me 
G3499 ee | sere tt S| ee ed +8} 
4 mim2ms mi Ms mi M2 Me ms : 
3é m m m m ay 
3 2 W13 ° 
G1133 = G eS ace += +2cts*) . 
MW1i1M2™M3 Me Ms Mi my 
3 E ms , Me Me m 
ON 73 = age ee ECOG Se 3 4 s2¢2) | 
2 mm2Ms M2 Ms mM, mi 
BG M2 Ms mi my 
63311 a a Se aa aS? +2cts*) ; 
M1213 Ms mes m3 M2 
6C ; Ws Me 
3333 = — ———_C°S* ee ae —2 ‘5 
W112 3 We M3 
3 €: me M3 mM mi 
epi oe a a OS IC Ss oe ae See |) 
2 MM2M3 M3 Mz M2 M3 
aE: ms M2 
Ozing = fro tee CST ot thee AF Zo) cd ts 
11123 Me m3 


in which c=cos9@, s=sin@, and @ is the angle 
of rotation about the x-axis which makes the 
principal axis of the ith valley coincide with 
the crystal axes. The thermo-electric coef- 
ficient tensor components are found that, 


i JD 
el A 


Thus the thermo-electric coefficient should be 
isotropic. 

The thermo-electric power Q relative to a 
metal, such as copper or platinum, are given 
by 


QOu=Q33= —O— (11) 


k LD 
_ 12 
aera ae (12) 
where k& is Boltzmann’s constant, 7 is the 


reduced Fermi level and the absolute thermo- 
electric power of the metal is neglected, and 
this condition is practically fulfilled in our 
experiment. 


§ 3. 


3.1 Preparation of specimens 

The component materials of Bi.Ses; used’ 
came from Johnson-Matthey’s bismuth (99.99% 
pure) and from Shin Dengen Kogyo’s selenium 
(99.999%). A mixture of Bi and Se was sealed 
in an evacuated silica tube, where the weighed 
selenium was about 0.2% (wt) excess from 
the stoichiometric Composition®), and the melt 
of the mixtures was kept for about 20 hrs in 
an electrical furnace of about 800°C. The 
single crystal was grown by a slow cooling. 

The parallelepiped specimens were cut out 
by a small saw from the disks of the cleaved 
specimens held between a small vice. The 
specimens obtained by this procedure were 
free from visible cracks. 

A rectangular parallelepiped specimen which 
have an elongated side surface along the 
cleavage surface (Specimen 1) was of shape 
of about 2mmx2mmx1l0mm. (Figs. la and 
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lb. The orthogonal set of axes for Specimen 
1 are those in which the x- and y-axes are 
on the cleavage surface. The z-axis, there- 
fore, is parallel to the xs-axis of crystal. The 


(a) Arrangement 1 
Specimen 1 


Z,%3 


(b) Arrangement 2 
Specimen 1 


(c) Arrangement 3 
Specimen 2 


Figs. la, lb and lc. Experimental arrangements. 
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x-axis of the specimen and x-axis of the 
crystal make an angle ¢.) 

A rectangular parallelpiped specimen elon- 
gated in the perpendicular direction to the 
cleavage surface (Specimen 2) was,of shape 
of about 3mmx3mmx7mm. (Fig. 1c. The 
orthogonal set of axes for Specimen 2 are 
the x-axis along the perpendicular direction 
to the cleavage surface, and the y- and z-axes 
lying in a cleavage surface. The x-axis is 
parallel to the xs-axis, and y-axis and x1-axis 
make an angle ¢.) 

Specimens 1 and 2 of each sample were 
obtained from the same cleaved disk which 
prepared from an ingot. 


3.2 Experimental arrangement 

For the determination of the twelve in- 
dependent components of the isothermal resis- 
tivity tensor, the three different experimental 
arrangements are prepared using the two 
different specimens, Specimens 1 and 2. 

A current of density J is flowed in the 
direction of the x-axis of the specimens. The 
electric fields, which must be measured, are 
E, the component parallel to the current, En 
along the y-axis, and FE,» along the z-axis. 

Arrangement 1. (Fig. 1a.) By using Speci- 
men 1, the magnetic field H is applied in the 
x-z plane. The following expressions are 
obtained for the isothermal condition: 


(13) 


E . ; 

ye =put+HA{ pri Cos? 6+ p1133 Sin? (+ P1123 Sin 2¢ sin 36} , 
En : . : 

ea =AR2s sin 9 + H? 1123 sin 2¢ Cos 3¢ , 

| oa. ok & : 

a =H *{ 62311 Cos? ¢ sin 36+ poses Sin 2¢} , 


‘where ¢ is the angle between the x-axis of the specimen and the magnetic field. 
Arrangement 2. (Fig. 1b.) By using Specimen 1, the magnetic field is applied in the y-z 


‘plane. Then 


iE, 
a =0ut+ A pri Sin? 9+ P1133 Cos? + piizs Sin 2 Cos 36} , 


(14) 


E. 

ie = HR23 Cos ¢— H?p1123 sin 2¢ sin 3¢ , 
Ep : : , 

T =— HRise sing — H?pos11 sin? 9” sin 30 5 


where ¢ is the angle between the z-axis and the magnetic field. 
Arrangement 3. (Fig. lc.) By using Specimen 2, the magnetic field are applied in the 


x-z plane. Then 
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1D . P 
TT = 33+ H*{ 03811 Sin? Y + 03333 COs? } , 
Joy ihe é 
7 = HRis2 sin ¢ — H? 92311 sin? ¢ sin 3¢ , (15) 
ope 3 se , 
or = — H*{ 02311 sin* ¢ COS 3¢ — 02328 sin 20} 5 


where ¢ is the angle between the x-axis and 
the magnetic field. 

The angles ¢ are determined by mean of 
the Laue pattern of X-rays and also the 
analysis of the measured values by Eas. (13), 
(14) or (15). Both values of ¢ obtained by 
X-rays and by electrical methods are in agree- 
ment within -+5°. 


3.3 Measurement of the isothermal coefficients 

The d.c. measurements of the resistivity and 
Hall coefficient were carried out in following 
way: The voltage between resistance probes 
and Hall voltage were measured by a chopper 
type d.c. micro-volt meter. The out-puts of 
the micro-volt meter were recorded on the 
ordinate on an X-Y recording chart and the 


Table I. Experimental and calculated values of the galvanomagnetic coefficients of 
Bi,Se3 single crystals. 
Sample 15 153 | 17 20 | 173 
Tempsi(CK) | 90 | 92 90 90 | 93 
Obs. | Calc. | Obs. Calc. Obs. | Calc. Obs. Calc. | Obs. | Cale 
‘eS =< ey S —\ j | . | 
x 102 x 102 x 102 x 103 x 108 
O11 810-1" 2.10" Ot C2 | Oe | O17 le 1.91 ,) 1918s). 290m) 82.00% 
o33 +0.45 0.40 02872), 0.40 PPH218 871) 1 6.3737 "0.36 RO. 775" 0-56 
(ohm)~-1(cm)~! 
x 108 x 105 x 108 x 108 x 106 
vite — 0.26 | 0.24 160.) 1.62 | 0:347)-0.52—1--0:20.- | 0719-065 1es048 
ries aw pees 8.69 | 8.69*| 2.78 | 2.78*| 1.01 | 1.01*| 2.55 | 2.55* 
| (ohm)~2(cm)(coul)—! 
| | q 
a = = ——" 
x 109 x 108 x 109 x 108 x 10° 
wah ro 12" | 0.44 0.538 | 1.74 | 0°071/ 0.40 | 0.33 | 0.53 }-.— 0.12 
wus | — 1.7 2.0 9.1 7.9 1.4 1.8 3.0 24 | = 0.51 
ries | —10 10 * 39 39 * 9.0 9.0* 12 12s 2.5 2.5% 
rise |= 0.20 | 0.49 1.8 1.9 Obie! 0.44 3071 7e 0.58%) 1.5 0.12 
at = 0,47 40:35 24 1.4 0.48031 | 0.8 0.42 | 0.38 | 0.09 
Bests 20:6 0.59 2.0 2.3 0.45. | 0.53) 1.6 0.71-2100.6 0.15 
eesti l=20, 1281 0.0.091 3.1 0.36 0.8 0.082 2.8 Ol 6.5 0.023: 
brake ea Ie 0.93 5.1 3.6 27 ier 0.78" Sol — 0.23 
| (ohm)~%(cm)*(coul)—2 
| | hc 
BAC | ‘1.02 | 1.19 1.22 0.58 1.14 | 
Oe ee 7.8 5.1 3.9 
Lathe | + 4.9 5.36 5.3 | 8.0 ay! 3.9 
Pe Pea aO Olesbe 0.0450.) 0-014 | 0.008 0.027 | 
pee on | + 0.17 | 0.202 | 0.23 0.16 0225) | es 
Ties/vies | 4 02020). 0.0486 | 0.046 0.057 | 0.14 | 0.60 | 
a ciile is WA oO: OAT ling -0344 yu) WO 054 0.053 | 0.067 | oe 
secenl@ates, Bla tase G, yp 020390 ln 005% | 0.050 | 0.13 on 
eae 0.012) 0.0091 0-079 | 0.089 0.23 0. 
Gosfoisss | — 0.17 | 0.0930 | 0.13 | | 0.30 0.065 a 
| — = —a ——— = ae 


* Adjusted to the experimental values. 
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rotational angle of the magnetic field from 0 
to about 200° were recorded on the abscissa. 
This record was obtained by a potentiometer 
which was set on a rotational axis of the 
electromagnet. Since the magnet could not 
be rotated automatically, the slow rotation of 
the magnet in order to eliminate the induc- 
tive voltage was difficult. When the magnet 
was continuously rotated by hand, the re- 
corded trace was complicated by the appear- 
ance of additional voltage. The trace, which 
was obtained from the record during the 
rotation of the magnet, included the true 
voltage and an additional voltage due to the 
magnetic induction. For the elimination of 
these additional voltages, the magnet was 
rotated by about 3° and stopped for a few 
times at each step. Then the true trace of 
the voltage as a function of the rotational 
angle of the magnetic field was given by the 
curve which connected the recorded points at 
the rest position of the magnet as shown in 
TE fas 15). 

Also, the voltages were measured by a 
potentiometer at several cases in order to 
check their results on the X-Y records, and 
the values obtained from the record were in 
good agreement with the values measured by 
the potentiometer. 

As no appreciable dependence of the coef- 
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Fig. 2. The electrical resistivity of Bi:Se; single 
crystals. The symbols © and @ for each sam- 
ple refer to 0; and 033, respectively. 
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ficients on the current and magnetic field 
strength was found for currents up to 1 Amp. 
and for magnetic fields up to 10,000 oersteds, 
most of the measurement were carried out 
by using a magnetic field strength of 9,000 
oersteds and current of 50~500 mA. 


3.4 Measurement of the thermo-electric power 

The thermo-electric powers were observed 
on Specimens 1 and 2. The temperature 
gradient was applied in the direction of the x- 
axis of each specimen. The copper-constantan 
thermo-couples were used to measure the 
temperature. The given temperature dif- 
ference between the thermo-couples was less 
5°C, and the thermo-electric powers were 
estimated from the linear relationship between 
the temperature differences and the thermo- 
electric voltages. 


$4. Results 


The measurements were carried out on the 
five samples given in Table I. Among those 
samples Nos. 15 and 153 were obtained from 
the same ingot. The resistivities and the 
Hall coefficients for each sample were meas- 
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Fig. 3. The Hall coefficient of Bi;Se; single crys- 
tals. The symbols © and @ for each sample 
refer to R213 and Rise, respectively. The Hall 
coefficients of the samples Nos. 6-13 and 6-25 
shown in the figure have been corrected for the 
sample geometry. The illustrated values of 
these samples in the previous reports) are un- 
corrected values for the sample geometry. 


1961) 


ured over the temperature range from 90°K 
to room temperature. The temperature de- 
pendences of the resistivity and the Hall 
coefficient are shown in Figs. 2 and 3, and 
in these figures the results on the single 
crystal samples in our previous reports®) are 
also plotted together with the present results. 
The Hall coefficients are almost constant in 
the range from 90° to 200°K as shown in 
Fig. 3, and are proved to be isotropic. The 
slight temperature dependences, which are 
found for the samples Nos. 15 and 153, may 
be related to the activation energy to the 
donor level®). The ratios of the resistivity 
components are found to be nearly constant 
in this temperature region as shown in Fig. 2. 

The temperature dependences of the thermo- 
electric powers are plotted in Fig. 4. The 
thermo-electric powers are found to be prac- 
tically isotropic, and supporting the assump- 
tion of the isotropic relaxation time. 


oe 
© -200 
2. > 
oe 
“o S-100 
oo 
Say o 
ee 1 Al 
a 100 200 300 
Temperature T (°K) 
Fig. 4. Thermo-electric power. The symbols (© 


and @ for each sample refer to the thermo- 
electric powers of Specimens 1 and 2, respec- 
tively. 


The experimental values of the components 
-of the conductivity tensors at about 90°K are 
‘summarized in Table I. The examples of the 
measured voltage against the rotational angle 
4p of the magnetic field are illustrated in Fig. 
5. The observed variation of the voltages 
with » are in good agreement with the theo- 
retical prediction. 

The parameters 2/7, m:/m: and sin’ 0 
appearing in Eq. (10) are determined by using 
values of o:;, oij: and oijx: obtained by the 
experiments. In particular, the conductivities, 
the Hall conductivities and ois: and dsesa, 
which are more accurate in our experiment 
than other magneto-conductivity coefficients, 
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were used to obtain those parameters. In 
performing this analysis, the results on 
Samples Nos. 15, 153 and 17 have been used 
since these are probably the accurate ones. 
From the results of this analysis, it was 
concluded most probably that the shape and 
orientation of the valleys are defined by the 
following values; 


HE 330, oe AD | 
m1 mM (16) 
anti Seb=0, 0458 } 


because most of the observed galvanomagnetic 
tensor components of these samples are quite 


H=9,000 Oersted 


T= 40mA(Vn) Sample 153 


Arrangement 7 


Vn 
LOmv- 


o° go0° 180° 
Rotational Angle @ 
Fig. 5. The voltages between conductivity probes 


Vp, and between Hall probes V, against the 
rotational angle g of magnetic field of sample 
arrangement 1 on sample No. 153 at 92°K. +H 
and —H denote plus and minus direction of the 
magnetic field, respectively. The straight traces 
denoted by V,(H=0) and V,(H=0) are the posi- 
tions of the voltage in zero magnetic field. The 
dotted curves are the one estimated as the true 
trace of the voltage, which connects the record- 
ed points at the rest position of the magnet. 
The disagreement between the traces of Vo(+ H) 
and V,(—H) seems due to an additional Hall 
voltage by miss setting of the potential probes. 
The symbols @ denote the values measured by 
the potentiometer. The solid curves show the 
angular dependences expected from Eq. (13). 
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well described by these values. 

Hence the ellipsoidal surfaces of constant 
energy are compressed in a direction to the 
x-axis and are stretched in a direction nearly 
parallel to the three-fold axis of the crystal. 

By using the above values, . Eq. (16), the 
galvanomagnetic tensor components and the 
ratio B?/AC can be calculated, and are given 
in Table I, where A/mm, Bmui/m** and C/m** 
are adjusted to represents the experimental 
values of O11, 0123 and d1133. 

The ratio B?/AC is found by taking into 
account a degeneracy of samples and by 
making choice of scattering mechanisms. In 
particular, if the relaxation time ct is given 
by the relation 

C=Es , (17) 
where 4 and b depend on the scattering 
mechanism, and 0 is a function of tempera- 
ture, the ratio B?/AC for the complete de- 
generate samples should be the unity for any 
value of 2. For the samples used in the pre- 
sent analysis, this relation is shown to be 
nearly satisfied, and also it may be estimated 
from measurements of thermo-electric power 
that these samples are highly degenerate. 

Using the anisotropic factor, 0.763, deter- 
mined by the parameters in Eq. (10), the Hall 
coefficient R=R23s=Risz can be obtained; 


Ree 0.7635. (18) 
en 


where » is the density of carriers. Assuming 
the relation of Eq. (18), then, it is possible 
to obtain the values of a conductivity mobility 
of electrons defined by following relations: 


O1=ENb 1 , \ 
033 = EN L332 , 


(19) 


The variations of the conductivity mobility 
with temperature are shown in Fig. 6, and 
they have straight form on log-log scale. 
For Samples Nos. 15 and 153, the mobilities 
are given by the form 

PEM ie (20) 
over the range from 90°K to room tempera- 
ture. This behaviors of the mobilities seem 
to obey 7-*/? relationship. 

If 2 is assumed to be 1/2 (covalent lattice 
scattering) the effective mass m* of electrons 
is estimated to be about 0.1 mo, where mp is 


free electron mass, from the observed thermo- 
electric powers of the Samples Nos. 15 and 
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153 at 100°K. This value can be compared 
with the effective mass, m*/mo=0.18, previ- 
ously obtained®. However, it may be only 
an accidental agreement, since the large 
spread of the temperature dependences of 
conductivity mobility or Hall mability between 
the various samples suggests that carriers are 
scattered in more Complicated way than that 
assumed in Eq. (17). A further study is 
necessary to improve this situation. 


10% 


Conductivity Mobility ye (cm?/volt-sec) 


107 


3 4 5678910 
l\OO00/T (°K7) 


Fig. 6. The conductivity mobility. The symbols 
© and @ for each sample refer to py; and j3,, 
respectively. 


§5. Conclusion 


By the six-valley model of the energy band 
structure, the interpretations of the aniso- 
tropic galvanomagnetic effects of n-type Bi.Ses 
at 90°K have been attempted. 

The experimental values of oi: deviates 
from the calculated values. The discrepancy 
may probably be due to the inaccuracy of 
Mui, Since P11 1s too small compared with 
the other terms in Eq. (13). The disagree- 
ments between the observed and calculated 
values of dii23 and o2311 may be due to the 
inaccuracy of ¢. So that the experimental 


results seem consistent with the present 
theory. 
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It may be resonable to conclude that each 
ellipsoidal surface centred in a reflection 
plane has the following shape and orientation; 


m2/m1=0.33, ms/mi=4.2 and sin? @=0.045. 


Further, it is of interest that the Hall coef- 
ficient and the thermo-electric power are 
shown to be isotropic. 
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A method to measure Hall mobility at microwave frequencies using a 
double mode cavity is presented. Hall mobility measured by this method 
corresponds to pw=(1/B)-|o1|/Re (oo), where op and o; are a diagonal and 
an off-diagonal components of conductivity matrix, and it is expected to 
be frequency independent if a constant relaxation time is assumed. Fre- 
quency dependence is expected when the energy dependent relaxation 
time is assumed. For n-type germanium, Hall mobility measured by 
this method at 24Gc is in excellent agreement with that predicted from 
the theory using d.c. value and assuming acoustical mode scattering, 
between room temperature and 100°K. For p-type germanium, the same 
consideration explains the essential part of the difference between ex- 
perimental values at 24 Gc and d.c., though there remains some dis- 


crepancies to be clarified 


$1. Introduction 

Hall effect of several metals at microwave 
frequencies was first observed by Cooke”, 
using a double mode cavity. The same 
method was applied to germanium by Nishina 


and Spry”. However, they obtained their re- 
sults using a too much simplified formula, 
though some refinement was done recently. 
Portis and Teaney*) devised a method to ob- 
tain an impedance tensor with unbalanced 
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double mode cavity. Their method has many 
advantages for the observation of magnetic 
resonance, but it is not so accurate method 
for our purpose, because of the presence of 
ambiguous quantities such as filling factors. 
Yamagata‘) derived formulae for the measure- 
ment of Hall mobility making use of equiva- 
lent circuit method, but Hall mobility meas- 
ured at room temperature and at 9Gc was 3 
to 4 times smaller than expected for p-type 
germanium. 

Hambleton and Gartner® obtained Hall mo- 
bility of m- and p-type germanium and silicon 
at 20Gc using crossed wave guide method. 
Their results were extended from room tem- 
perature to 80°K. They insisted that they 
observed high frequency effects for p-type 
germanium at temperatures lower than 150°K. 
However, they applied their formulae at too 
strong magnetic field where their formulae 
breaked down. 

Another interesting method to study similar 
effect is the observation of Faraday rotation 
at microwave frequencies, and valuable infor- 
mations were obtained by several authors® 
with this method. 

Previously a theory concerning properties 
of cylindrical double mode cavity was formed 
by the author”. In the theory the effects of 
cavity walls and coupling irises and a sample 
were all considered. A method to measure 
Hall mobility at microwave frequencies was 
discussed as a special case of the theory. In 
this paper, electrical conduction in a finite 
sample at high frequencies is first discussed 
in terms of Boltzmann Equation on the same 
assumption as was employed by Dresselhaus 
et al.® for the discussion of magneto-plasma 
resonance experiment. Then, the method of 
measurement of Hall mobility is reviewed 
briefly, and the results of measurements at 
24 Gc between room temperature and 100°K 
are presented and discussed. 


§2. Conductivity Matrix in a Finite Semi- 
conductor Sample 


Electrical conduction in a finite sample at 
high frequency is complicated because of the 
presence of a boundary surface. We first 
review a method to include such effects in 
the calculation of conductivity matrix. In 
the case, where carrier densities are so small 
that the plasma wave length is far longer 
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than the sample dimension, effects of a bound- 
ary can be treated by the same method as 
Dresselhaus e¢ al.*) and Date® employed for 
the investigation of magneto-plasma_ reso- 
nance in semiconductors. In this section 
Boltzmann Equation is solved under simplify- 
ing assumptions to see such effects on elec- 
trical conduction in’ a spheroidal sample. 
Before solving Boltzmann Equation, the 
effective electric field acting in a sample will 


be considered. The effective field in the 
sample is 
Eer=E—LP (1) 
where L is the depolarizing coefficient and 
P=(e—s0) Bur +\J dt (2) 


where the first term is due to the polarization 
of bound charges and the second is the polari- 
zation of free charges, and J is the current 
density. Putting Eq. (2) into Eq. (1) Eee is 
solved as follows: 


Fig ay (3) 
jo 
where 
e E 
wT Melee 
ag H 
Salen be —16n) 


and the sinusoidal change with time is 
assumed. The effects of polarization of bound 
Charges are included in #; and L:. 
Boltzmann Equation for oscillating electric 
field with the assumption of energy dependent 
relaxation time can be expressed as follows: 


lB+0x B)-<-Paf(k, Bern er dae. 


=—(jo+2)\F—fy) . (4) 


In this equation, HF in the first term in the 
left hand side should be replaced by Eq. (3) 
in our case. The last term in the left hand 
side will be neglected, because it is appreci- 
able only at the boundary and a negligible 
part of charge carriers are accumulated at 
the boundary at moderate electric field. 
Therefore, the effect of polarization was taken 
into account in the second term of Eq. (S)e 
With static magnetic field applied in the z- 
direction and oscillating electric field in (x, ¥) 


plane, Boltzmann Equation (4) can be solved 
putting! 
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where integrals in Ki’ and kK.” extend over 
call bands (or valleys), taking part in electrical 
conduction. mx* and mx are respectively the 
effective masses and the densities of carriers 
of the k-the bands (or valleys). Boltzmann 
‘statistics are assumed in the derivation. 
From Eqs. (12), (13), conductivity matrix is 


eobtained 
Bad 9 BE) 8 ar 
ae —o, 60/\ Kiy 
es [2 
te pale sare 
y thee! mui 
2 -P?—Q? ’ 
~where 
P=1-jaky’ , 
Qa”. 


‘These results are identical with Date’s® if 
constant relaxation times are assumed. 
In the following section it will be shown 


chat our eustiiod of measurement git: Hall 
effect gives Hall mobility defined by 
Ha=(1/B)-|o1|/Re (0) . 
This quantity is obviously identical with the 
ordinary Hall mobility when the frequency 
of applied electric field is set equal to zero. 
We will here investigate this quantity in the 
low field approximation, neglecting terms 
higher than second order in B. To this 
approximation Ki’ and Ki” are 


k 1S 
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From Eqs. (20), (21) Hall mobility defined 
above can be shown to be simplified to 
Nk 16: 


. 2 
ems mr* owe 


(tela) 
(= me* \Jot+l1 7 x 


The effects of depolarization of free charge 
carriers do not enter into this expression. 
Eq. (22) can be simplified further if the re- 
laxation times are assumed to be the same 
for all bands 2 valleys). 


Rees 


Nk 
> mx* Rac ee jot+1 


To apply this final result to the case of 
germanium, it must be remembered that con- 
duction band consists of 4 or 8 ellipsoids and 
valence band consists of two warped spheres. 
Therefore, the above results are directly ap- 
plicable to holes, if the warping of the bands 
are neglected. For electrons >) :/mx* and 
> m/m:*? must be replaced by 

(n/3)-(2/my+1/m) and (n/3)-(2/mym,+1/m,?) 
respectively'”, where m” is the total number 
of electrons and m, and m, are transverse 
and longitudinal masses respectively. If the 
relaxation time is assumed to be independent 
of energy, t=t0, 4a is independent of fre- 
quency of the applied electric field’ That is: 


Nk 


(21) 


Oo, = 


pa= (22) 


re 


(23) 


(24) 


Therefore, if any discrepancy exists between 
Hall mobility measured at d.c. and at micro- 


(ctiy a ai fiz) ea) 
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waves, it must be due to the combined effect: 
of wto=1 and the energy dependence of ct. 
The frequency dependence of pa can be 
calculated, if ct is given as a function of 
energy of free charge carriers. 

If we assume t=70(e/RT)-/?, as is usually 
done for the acoustical mode scattering’, 
the dependence of vz on wt. is as Shown in 
Fig. 1. To illustrate the effect of energy 


dependence of z on the frequency dependence 
of va, the dependence of fa on az is also 
to(e/RI )- 


plotted, when r= 


S) 

= 

ss 

° 

3 

= 
L 

O 0,5 10° 
a 
Fig. 1. Frequency dependence of Hall mobility:: 


@=wt), solid curve—Hall mobility expected on, 
the assumption ct=z9(e/kT)—1/2, dashed curve— 
Hall mobility expected on the assumption c=- 
to(e/KT)-1. 
§3. Method of Measurement of Hall Mobili-. 
ty at Microwaves 


Measurement was carried out with the use 
of double mode cavity, the same one as was, 
used by Nishina and Spry”), except the latter - 
used a rectangular cavity instead of our: 
cylindrical one. According to our previous; 
work”, the S-matrix of the double mode. 
cavity shown in Fig. 2 is as follows: 


(Me, —Mv)(Mo,+Mo)—Me2 —2M.V/ Mo,Me, rf 
(Mo,+Mo)(Mo,+Mr)+M2’ (Me, M)(Mo,+ Mo) + Me \{@ ~ 
2M.V Me,Me, (Me, +Mo)(Me,—Mo)—M:? ]\ oa 
(Mo,+Mo)(Me,+Mo)+Mi2’ (Mo,+Mo)(Me,+Mr)+Me! 
where 
Ike Ife 


Outgoing components of microwaves from input 1 and input 2 respectively, 
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1 and input 2, 
Volume of a sample, 


Ee “eto 


To obtain this formula, impedance matrix 
of the cavity was first derived following 
Slater’s method!®, and it was transformed 
into S-matrix'?. The impedance matrix was 
derived in two steps: First, a small sphe- 
roidal sample with a dielectric constant ¢ is 
placed on the symmetry axis of the cylindrical 
cavity with its axis of rotation in the direc- 
tion of the symmetry axis of the cavity. The 
sample modifies the TEi: mode of the cavity 
in two ways: The resonance frequency is 
shifted as represented by the third term in 
the formula of 4w, and the FE vector of the 
TE mode is modified to 

Ey’ =1/{1+ L(e—«0)}- Eo 

in the sample'*. Second, the effects of the 
cavity wall, the coupling irises and the sample 
conductivity are introduced as the pertur- 
bation to this modified TE1: mode. From 
these considerations and the formulations 
presented in the preceding section, the con- 
ductivity matrix derived in the preceding 
section is obviously applicable in the formu- 
lation of this section. 

From Eq. (25), au for vanishing magnetic 
field and az: for finite magnetic field can be 
obtained as follows: 
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Incoming components of microwaves to input 1 and input 2 respectively, 


? 


Quality factors arrising from the losses due to a sample and a wall, 


Quality factors concerning the coupling between cavity modes and input 


Input I 
(D) 


Input 


? Fig.2. Double mode cavity: (a) external appear- 
ance, (b) a cross section. 


a. (at Ge) 


Gn(B—0)— any 1 % = ’ (26) 
Qex Qs Qw 
do(B) 
9,9 i 1 
= Re (a) Qex Qs - 
ae Ne 
Qx Qs Ow Re (00) / Qsz 
(27) 


These quantities correspond respectively to 
the reflection coefficient and the transmission 
coefficient of the cavity, at the resonance 
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frequency. In these equations the couplings 
to both inputs are assumed to be equal, 
VOn = VOs7 = 1/0 okey tae use of 
formulae (26), (27), a method to measure Hall 
mobility defined in the preceding section can 
be formulated as follows: 

lL. The ratio: of 1/Q& to W/Qy can ‘be 
obtained by the measurement of the reflection 
coefhicient of the cavity before inserting a 
sample. 

2. The ratio of 1/Q-x to (1Qs+1/Qw) can 
be obtained by the measurement of the re- 
flection coefficient of the cavity after the 
sample being inserted. 

From 1. and 2. the ratio, 1/Qex: 1/Qw: 1/Qs, 
can be obtained. 

3. Yta=(1/B)-|o1|/Re (oo) is obtained from 
the measurement of the transmission coef- 
ficient when magnetic field is applied, using 
formula (27) and the above obtained ratio, 
/Qex: 1/Qw: 1/Qs. The last term in the 
denominator of da is neglected, because it is 
second order in B. 

If the couplings are not equal, 1/Qex14 
1/Qex2, the processes 1. and 2. must be car- 
ried out for both inputs and the factor, which 
should be multiplied to the transmission coef- 
ficient to obtain wz, is given by the geometric 
mean of the factors relative to each input 
obtained by the above processes, 1. and 2. 
It is seen from the original formula (25). 

Hall mobility under strong magnetic field 
may also be obtained from these formulae, 
but the procedure is much more complicated, 
because there are many factors causing the 
quadratic decrease of the transmission coef- 
ficient. The greatest factor is the last term 
in the denominator of @:1, which comes from 
the coupling between the two modes of the 
cavity. Another factor is the magneto- 
resistance effect in 1/Qs, which varies with 
Re (oo). Moreover, even if these factors are 
properly taken account of, the resultant 
quantity sa thus obtained includes the mag- 
neto-resistance effect. 


§4. Experimental Details 


The circuit diagram used to measure Hall 
mobility is shown in Fig. 3. A klystron Ray- 
theon 2K33 was used as a source of micro- 
waves at 24Gc. A standing wave detector, 
employing a 1N26 crystal for microwave 
power detection, was used to measure the 
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reflection coefficients of the cavity. Switch. 
I was used to feed microwave power to the 
sample circuit and to the reference circuit 


alternatively. Switch II was used when the | 


detection systems I and II were adjusted so 
as to have the same sensitivity. In this case 
microwave power through the reference cir- 
cuit was switched to Det I and Det II alter- 
natively with Switch I and the gains of 
AFAmp I and AFAmp II were adjusted so 
that the amplitudes of the traces in the oscil- 
loscope had the same height. After this, 
Switch II was ‘set so that Det I and Det IIL’ 
should detect microwave power from the sam- 
ple circuit and the reference circuit respec- 
tively. 


rebel 
Klystron 


| Oscilloscope} 


1 
att! AF Ampl lar Aerp | 
| B: L 
] i 
Sample Circuit | 
Isolater aoe i 
Switch I | SwitichT ! 
H 1 
S.W, Y a + 
te ) Sample + Ay = 
Cavity DefI Det I 
Una 
Reference Circuif 
Fig. 3. Block diagram of experimental arrange- 


ment: solid lines for microwave circuit, dashed 
lines for audio frequency circuit. 


The sample cavity was as shown in Fig. 2. 
Tuner I and Tuner II were used to adjust. 
the resonance frequencies of the two modes. 
of the cavity seen from two inputs. Samples. 
were circular discs about 0.5mm thick and 2 
mm in diameter, which were placed on the 
symmetry axis of the cavity about 1~4mm 
apart from the bottom of it with a teflon rod 
of 1mm in diameter. 

Measurement was carried out as follows: 
First, microwave power was switched to the: 
sample circuit with Switch I and the standing 
Wave ratio was measured before inserting a 
sample. Second, switch setting was the same 
as before, and the standing wave ratio was. 
measured after inserting the sample into the 
cavity. Third, the transmission coefficient 
was measured as a function of magnetic field. 
This procedure was accomplished as follows; 
microwave power was fed to the reference 
circuit and AFAmp I and AFAmp II were 
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adjusted so as to have the same sensitivity 
using Switch I]. Then, microwave power 
was switched to the sample circuit with 
Switch I under the application of magnetic 
field. Input power to the sample circuit was 
controlled with Att I so that the transmitted 
power through the cavity should have the 
same level as that in the previous stage of 
adjustment of detecting systems. Microwave 
power was again switched to the reference 
circuit and the transmitted power was adjust- 
ed with Att II and Att III to the same level 
as that in the previous stage, and the read- 
ings of Att II and Att III gave the transmis- 
sion coefficients of the cavity. These pro- 
cesses were necessary, because the difference 
in the characteristics of crystal detectors may 
influence the obtained results. The input 
power to the cavity was always kept below 
10mW, with Att I, because too much power 
caused temperature rise in the sample and 
Hall output decreased gradually after the ap- 
plication of microwave power. 

The reflection coefficients were measured 
under continuous microwaves and detected 
by microammeter. The transmission coef- 
ficients were measured by modulating the 
repeller voltage of the klystron by saw-tooth 
waves at 200c/s and detecting with oscillo- 
scope. 

Throughout the measurement the greatest 
error was expected to arise from the meas- 
urement of the standing wave ratios, because 
the square law characteristics were assumed 
for the crystal detector and the bended wave 
guide was intervening between the standing 
wave detector and the sample cavity. These 
situations would cause the maximum error 
of about 10% in the final result. In fact, the 
fluctuation of measured Hall mobility did not 
exceed 5%, when the measurement was re- 
peated changing the sample positions in the 
cavity, consequently changing Qs of the 
sample. 

For the measurement at low temperatures 
the cavity was covered with a copper can 
and dipped into liquid air or dry ice. The 
space in the can was kept at 1 atmospheric 
pressure, but the circulation of air from the 
outside was kept away to avoid freezing of 
water in the cavity. The temperature was 
measured at the outer surface of the cavity 
near the sample with a copper-constantan 
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thermocouple. A slight change in tempera- 
ture between 100°K and 130°K was achieved 
by changing a contact of the can with liquid 
air. 


§5. Experimental Results and Discussions 


Hall mobility was measured for 0.33 ohm-m 
(33 ohm-cm) #-type and 0.550hm-m (55 ohm- 
cm) p-type germanium at several points be- 
tween room temperature and 100°K. Samples 
for d.c. measurement were cut from the same 
wafer in a “bridge” shape. An example of 
measurements of the quantity (Pou/Pin)/? is 
shown versus applied magnetic field in Fig. 
4, where Pou and Pin are microwave power 


GeT -I-2 (n-type) 


Oo 
io 


( Pout/ Pin)'”? 


O05 Wb/m* 
5 KGauss 


Of) BON 1 O02 BOs 208 
O | 2 &) 4 
Magnetic field 


Fig. 4. Plot of transmission coefficient of the 
cavity vs. applied magnetic field for n-type 
germanium at 102°K: (@)—magnetic field in plus 
direction, [-|—magnetic field in minus direction, 
+—mean values. 


output from and input to the cavity respec- 
tively. As seen from the figure, there is 
some zero-field output power because of the 
lack of symmetry of the structure. The Hall 
outputs are obtained by taking the mean 
values of (Pou/Pin)!/2? when the magnetic field 
was applied in plus and minus directions. In 
Fig. 5 the measured Hall mobility pxz* is 
plotted versurs applied magnetic field, where 
pa* is obtained by 


1 il 1 ) 
+ 
* 1 F Ge Qs Qex Cau 
We - B y) i 1 (2k . 
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In the case of n-type germanium pa* de- case, the field dependence of va* resembles 
creases quadratically with B, as was pointed that of Hall coefficient at d.c. measurement, 
out in the preceding section. In the p-type though the quadratic decrease as seen 1n the 
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Fig. 5. Hall mobility vs. magnetic field: solid curves —yg* measured at 24Gc, dashed curves in 
(b)—Hall mobility at d.c. defined by Roy, a dot dashed curve—approximate behaviour of pz 
obtained from 103°K data after the correction of quadratic decreases, as shown by a dotted 
curve. 
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Fig. 6. Plot of Hall mobility extrapolated to vanishing magnetic field vs. temperature: solid curves 
—d.c. measurement, circles—24 Gc measurement, dashed curves—values expected on the as- 
sumption r=7o(e/kT)~-1/2, a dot dashed curve—values expected on the asumption t=t(e/KT )-1. 
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n-type case is also superposed on it. As was 
pointed out already, these quadratic behaviour 
is not easy to treat strictly, and only the 
zero-field mobility is compared with that in 
the d.c. case. In the limit of vanishing field, 
vx™ is obviously identical with wz. In Fig. 6 
va* (B=0) is plotted versus temperature. On 
the same figure, Hall mobility measured at 
d.c. for vanishing magnetic field 4o=Ro/po is 
also plotted. 

As was already pointed out in the preced- 
ing section, the deviation of the microwave 
Hall mobility from the d.c. value can be ob- 
tained theoretically from Fig. 1, if the de- 
pendence of the relaxation time is assumed 
(for example, t=70(e/RT )—!/*) and to is known 
(therefore, wto is known). In the 7-type case, 
d.c. Hall mobility was used to determine 7 
from the relation: 


al ( 2 1 ) 
3\mim mm, <r?» 

(2 1.) <2) Gy 
—- ——-+ ——— 

3\m, my 
where &o and a are low field Hall coefficient 
and conductivity respectively, and m, and 
m, are taken to be 0.082. and 1.58% as 
determined by cyclotron resonance experi- 
ment!”. In the p-type case, co was deter- 
mined from d.c. Hall mobility at large mag- 
netic field and the following formula: 
ea) 
[Loa Keay= at eT a et» 
where R.. is the high field Hall mobility and 
Mn and m, are heavy and light hole masses 
respectively. Cyclotron masses‘, 0.34m0 and 
0.042m., were used for m, and m, and the 
relation, 1: m=mz3/?: mi*/?, was assumed. 
Hall coefficient obtained at 90°K and 0.3 Wb/ 
m? (3,000 Gauss) was regarded as R.., where 
R had already reached the flat region of Hall 
coefficient versus magnetic field curve. 

The results thus obtained assuming t= 
zo(e/kT)-/? are plotted in Fig. 6 by dashed 
curves. In Fig. 6(b) the behaviour of a ex- 
pected on the assumption t=70(e/kT )~' is also 
plotted to illustrate the effect of energy de- 
pendence of the relaxation time on the micro- 
wave Hall mobility. Generally speaking, if 
changes of the relaxation time among possible 
states in k-space are greater, az would de- 
crease more rapidly with frequency. 


Lo =Rooo= 


(30) 
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The results theoretically deduced from d.c. 
Hall mobility assuming acoustical mode scat- 
tering are in agreement with experimental 
results at 24Gc. Especially in n-type case, 
the agreement is very good, but, in p-type 
case, the experimental results at 24Gc are 
somewhat smaller than expected theoretically. 
This fact suggests the energy dependence of 
of the relaxation time somewhat steeper than 
e/2 for p-type germanium, if the above men- 
tioned assumptions concerning valence bands 
are justified. 

The acoustical mode scattering and the 
optical mode absorption and emission pro- 
cesses predict c~l//Ye, WVethm, 1/ 
Ve—hy respectively. Though the optical 
mode emission process is more sharply de- 
pendent on energy it does not play a signifi- 
cant role in these temperature region. The 
addition of ionized impurity scattering makes 
the situation worse. It may be possible that 
the energy dependence of c¢ is different for 
heavy and light holes'®, for example, owing 
to impurity scattering, and the low field Hall 
mobility suffers high frequency effect more 
severely. However, it is not the case as seen 
from Fig. 5. As shown by a dot dash curve 
in Fig. 5(b), “#z would be obtained approxi- 
mately from yva* correcting the quadratic 
decrease for increasing magnetic field. The 
approximate behaviour of ya shows that fo/p. 
in the microwave case is not smaller than in 
the d.c. case. Another possibility is the 
warping of the energy bands, which is not 
considered, because our sample is not oriented. 


Hall mobility measurements at microwave 
frequencies by the “power transmission ” 
method were reported by several authors”*.’. 
Especially Hambleton and Gartner’) measured 
Hall mobility at 20 Gc between room tempera- 
ture and 80°K by a “crossed wave guide” 
method, and reported that Hall mobility in 
n-type germanium deviated very irregularly 
from d.c. values at low temperatures, and in 
p-type germanium went below d.c. values for 
temperatures lower than 150°K and showed 
saturation with the lowering of temperature 
below 100°K. According to them, Hall mo- 
bility measured using the formula va=(1/B)- 
(Pou/Pin)'/2 corresponds to ta=1/m*(jo+(1/z)), 
and they insisted that they observed high 
frequency effect in p-type germanium. How- 
ever, it would be shown by a simple con- 
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sideration that power absorbed by the sample 
(Pin) and available power from the sample 
due to Hall effect (Pour) were proportional to 
Re (oo) and (1/4)-|o:|?/Re (oo) at low magnetic 
field, and p¢a=(2/B)-+(Pou/Pin)/?=(1/B)-|o1]/ 
Re (o.) would be independent of frequency on 
the simple constant ct model, as was discussed 
previously. (This formula may be obtained 
from Eq. (27) putting 1/Q.x«=1/Qs>1/Qw) 
Secondly, they used formula pa~(1/B)(Pow/ 
Pin)? at 0.5 Wb/m? (5,000 Gauss), but it 
would fail at temperatures near 100°K, where 
p~2 m?/v-s (20,000 cm?/v-s) and uB approached 
unity. For this reason, the deviation of Hall 
mobility from d.c. values observed by them 
would include considerable factors other than 
the effect of high frequencies. 


§6. Conclusions 


A method to measure Hall mobility at 
microwave frequencies using a double mode 
cavity was presented. Hall mobility measured 
by this method was expected to deviate from 
the d.c. value, when the microwave frequency 
approached the mean relaxation frequency 
and the relaxation time varied from state to 
to state. Both these conditions were shown 
to be necessary theoretically. 

Hall mobility was measured at 24 Gc for 
high resistivity m- and p-type germanium at 
several points between room temperature and 
100°K. The acoustical mode scattering ex- 
plains the essential features of Hall mobility 
at 24Gc. However, there remains some dis- 
crepancies to be clarified in p-type germa- 
nium. 


The author would like to express his sincere 
thanks to Dr. T. Niimi for his continual en- 
couragement, and to Mr. Y. Kanai and Mr. 
R. Nii for many valuable discussions through- 
out this work. The author also wishes to 


Naozo WATANABE 


(Vol. 16, 


thank to Mr. K. Miya-uchi and Mr. I. Naka- 
gawa for the discussion about the microwave 
circuit elements, and to Mr. N. Kakuta for 
preparing germanium samples. 


References 


1) S. P. Cooke: Rhys. Rev. 74 (1948) 701. 

2) Y. Nishina and W. J. Spry: J. Appl. Phys. 
29 (1958) 230. Y. Nishina: Private Communi- 
cation. 

3) A. M. Portis and D. Teaney: 
29 (1958) 1692. A. M. Portis: 
Solids 8 (1959) 326. 

4) K. Yamagata: Sci. Rep. Tohoku Univ. A, 12 
(1960) 235. K. Yamagata and T. Fukuroi: Sci- 
Rep. Tohoku Univ. A, 12 (1960) 248. 

5) G. E. Hambleton and W. W. Gartner: 
Chem. Solids 8 (1959) 329. 

6) H. Suhl and G. L. Pearson: Phys. Rev. A, 
92 (1953) 858. R.R. Rau and M. E. Caspari: 
Phys. Rev. 100 (1955) 632. J. K. Furdyna 
and S. Broersma: Phys. Rev. 120 (1960) 1995. 

7) N. Watanabe: Rev. of Electrical Communi- 
cation Laboratory 8 (1960) 256. 

8) G. Dresselhaus, A. F. Kip and C. Kittel: 

Rey. 160 (1955) 618. 

9) M. Date: J. Phys. Soc. Japan 15 (1960) 1488. 

10) F. J. Blatt: Solid State Physics, edited by 

Seitz and Turnbull Vol. 4 (1957) 214. 

11) B. Donovan and N. March: Proc. Phys. Soc. 

(London) B, 69 (1956) 528. 

12) F. J. Blatt: Solid State Physics Vol. 4 (1957): 

Die 

13) J. C. Slater: Microwave Electronics, D van 

Nostrand Co. Inc., (New York, 1950). 

14) S. Tomonaga, T. Miyazima and K. Shimoda: 

Theory of Microwaves, (in Japanese) Risunaa 
Co., (Tokyo, 1950). 


J. Appl. Phys. 
J. Phys. Chem. 


J. Phys 


Phys. 


15)! Fukuroit ‘and "K* Yamagata-) Seite Reps 
Tohoku Univ. A, 11 (1959) 285. 
16) A.C. Beer and R. K. Willardson: Phys. Rev. 


110 (1958) 1286. 
17) C. Dresselhaus, A. F. Kip and C. Kittel: Phys. 
Rev. 98 (1955) 368. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN Vol. 16, No. 10, OCTOBER, 1961 


Structure of Thin Layers of Some F.C. C. Metals Deposited 
on Oriented Ag, Pd and Ni Films 
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College of Arts and Sciences, Tohoku University, Kawauchi, Japan 
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Some f.c.c. meas—Ni, Cu, Pd, Al, Au, Ag and Pb—were evaporated 
im vacuo on to oriented Ag, Pd and Ni films and the structure of the films 


was studied by the transmission method of electron diffraction. 


Some 


films were composed of intermetallic compounds of deposit and substrate 


metals. 
strate metals. 


But some films were composed of two layers of deposit and sub- 
In the latter case, the deposit metals grew in the (001) or 


(111) oriented over growth on a substrate metal at a temperature higher 


than an epitaxial temperature. 


The occurrence of these two kinds of 


oriented overgrowth depended mainly on the percentage misfits. 


Introduction 


§1. 

So far cleavage surfaces of some minerals 
or salts? have frequently been used as the 
substrates on which oriented overgrowths of 
some materials from the vapour phase were 
formed. But there are only a few investiga- 
tions? of the oriented overgrowth of metal 
deposited on the surface of metallic single 
crystal. In order to obtain more informations 
concerning the mechanism of epitaxy, it 
seems to be very desirable to make further 
systematic studies on metal layers deposited 
on single crystal metal surfaces. In the pre- 
sent paper, an investigation will be described 
in which some f.c.c. metals—Ni, Cu, Pd, Al, 
Au, Ag and Pb—were deposited from the 
vapour phase on oriented Ag, Pd and Ni films 
and the structure of the films was examined 
by the transmission method of electron dif- 
fraction. Some films were composed of inter- 
metallic compounds of deposit and substrate 
metals. But some films were composed of 
two lager of deposit and substrate metals. In 
the latter case, the deposit metals grew in an 
oriented overgrowth on a substrate at a tem- 
perature higher than an epitaxial temperature. 
Two kinds of oriented overgrowth were ob- 
“served and their occurrence depended mainly 
on the percentage misfit. 


§2. Experimental Method 


Oriented metal films about 40 my in thick- 
ness were deposited im vacuo on a Cleavage 
surface of NaCl crystal heated to about 200°C 


* The present address is Central Research La- 
boratory, Hitachi Ltd., Kokubunji, Tokyo. 


(for Ag) or about 400°C (for Pd and Ni). After 
the dissolution of NaCl crystal in water, the 
oriented metal film was caught on a hole 
0.1mm in diameter perforated in a thin Ni 
plate. After it was ascertained by the method 
of electron diffraction that the metal film was. 
a quasi-single crystal film having the (001) 
plane parallel to the film surface and the (111) 
twinning was comparatively less marked, it 
used as a substrate. 

Ni, Cu, Pd, Al, Au, Ag and Pb metals. 
were deposited im vacuo, generally about 30: 
my in thickness, on an oriented Ag, Pd or 
Ni film. When an oriented Ag or Pd film 
was used as a substrate, it was maintained 
at —196°C or temperatures ranging at an 
interval of 100°C between —100°C and 400°C 
during the evaporation of sample. When an. 
oriented Ni film was used as a substrate, it 
was maintained at temperatures ranging at 
an interval of 100°C between 0°C and 400°C. 
A definite quantity of sample put in a small 
coil furnace made of tungsten wire 0.2 mm in 
diameter was evaporated by supplying a heat- 
ing current 4.5A for 5sec. The distance be- 
tween the tungsten coil furnace and substrate: 
was about 3.5cm. A copper plate with a slit 
4mm in diameter was placed at a distance 
lcm from the copper block supporting the 
substrate to prevent this as much as possible 
from the rise of temperature due to the radia- 
tion from the coil furnace. 

When the substrate in the evacuated 
evaporation tube was cooled externally, it did 
not reach —100°C even after 7 hours or more.. 
In this case the evaporation tube was before~ 
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hand filled with hydrogen gas about 10 mmHg 
in pressure from which condensable * gases 
‘were removed by cooling with liquid nitro- 
gen. Then the substrate in the evaporation 
tube could be cooled externally to —100°C or 
—196°C in less than about 15min. When the 
substrate reached a desired temperature, hy- 
drogen gas was evacuated from the evapora- 
tion tube and then the sample was evaporated. 
In general the pressure of residual gas was 
5x10-°~5 x 10-* mmHg before the sample was 
evaporated, and it became 5x x 10-* mmHg or 
more after the evaporation was completed. 
‘The structure of bimetal films about 70 my in 
thickness prepared in this way was examined 
‘by the transmission method of electrons of an 
accelerating potential about 40 kv. 
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§3. Experimental Results 


The films are classified in the following two 
groups from the view point of their struc- 
ture: (I) The films are composed of inter- 
metallic compounds of deposit and substrate 
metals. (II) The films are composed of two 
layers of deposit and substrate metals. 

(I) Al on Ag; Cu on Pd (the substrate tem- 
perature was 400°C in this case); Al on Pd; 
Pb on Pd and Al on Ni. The pairs of deposit 
and substrate metals belonging to this group 
are able to be alloyed in intermetallic com- 
pounds®). The scomponets of film as a func- 
tion of the substrate temperature (f,) and the 
crystal structures of intermetallic compounds 
are summarized in Table I. 

The orientations of component crystallites 


Table I. The components of film as a function of the substrate temperature t, 
and the crystal structures of intermetallic compounds?). 
$C || | 
| —196 —100 0 100 200 | 300 400 
Al on Ag Al AgAl AgAl | AgAl | AgeAl ne AgAl 
2 2 2 | 82 Ag3Al 2) 
.5E3 | a : | enue at|| 5.8 32 z= 
Cuan kd) CuPd 
| Al | a Al ee a oe 
Al on Pd | Al Al Al Pd,Als Pd, Als Pd:Als Pd; Als 
| Pb,Pd, | Pb»Pd, : e k 
Pb on Pd | Pb,Pd | Pb,Pd Pb2Pds PbPd; | PbPd; PbPd3 
eo | | | AINi INi 
on Ni | Al Al se AlNiz |  AlNis 


AgeAl: h.c.p. type, a=2.817A, c=4.662A, c/a=1.624 at 27 at. % Al—a=2.885A, c=4.582A, c/a=1.588 


aat the Al-rich saturation limit. 
2.86A, 4.644 and 1.62. 
Ag;Al: 6-Mn type, a=6.92—6.93A. 
CuPd: CsCl type, a=2.96A. 


In the present experiment the values of a, ¢ and c/a were respectively 


Pd,Als: Ni,Al; type, a=4.22A, c=5.19A, c/a=1.22. 
Pb,Pd: CuAl,; type, a=6.835A, c=5.812A, c/a=0.852. 
Pb2Pds: NiAs type partially filled-in, a=4.465A, c=5.704A, c/a=1.275 at the Pd-rich side. 


PbPd;: CusAu type, a=4.0135A. 
AINi: CsCl type, a=2.8814A. 


Al;Niz: Ni,Al; type, a=4.0282A, a=4.8906A, c/a=1.2141. 


are as follows. 


Al on Ag. 

Al: A part of Al crystallites in the deposit 
layer was randomly oriented and the remain- 
ing part had the fibre structure with the 
[111]ai axis perpendicular to the film surface. 

Ag:Al?: When t.’s were —100°C, 0°C, 
100°C and 200°C, Ag2Al crystallites had ran- 


dom orientation. When t¢,’s were 300°C and 
400°C, a smaller part of AgzAl crystallites was 
radomly oriented and the remaining greater 
part had the orientation (0001)ag,ail|{11l} ag 
and <1120>ag,ail|<110>ag, AgeAl crystallites 


being rotated in a range of small angle (Fig. 
1). 


Ag:Al: AgsAl crystallites had the orienta- 
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Fig. 1. Alon Ag, sub. temp. 400°C. Fig. 4b. The same sample as in Fig. 4a rotated 
rotated 45° about [010]a¢. 


Fig. 2. Cu on Pd, sub. temp. 400°C. Fig. 5. Pb on Ag, sub. temp. 200°C. 


Fig. 6. Ag on Ni, sub. temp. 400°C. 


Ni on Ag, sub. temp. 400°C. Fig. 7. Au on Ag, sub. temp. 100°C 


1992 


tion (001)ag,ail|(OOl)ag without further limita- 
tions. 

Cu on Pd. 

CuPd: When ¢, was 400°C, the film was 
composed of CuPd crystallites crystallizing in 
the ordered state with random orientation. 
On the plate only the diffraction pattern due 
to CuPd appeared, but no pattern due to the 
substrate Pd (Fig. 2). 

Al on Pd. 

Al: Al crystallites in the deposit layer had 
random orientation. 

PdzAls: When ¢t, was 200°C, PdzAls had the 
orientation (1101)pa,a1,!|(001)pa and [1120]pa,aig|| 
[100]pa or [010]pa. When ¢,’s were 300°C and 
400°C, Pd:Al; crystallites gave a weak pattern 
of arcs due to the above orientation super- 
imposed on strong D. S. rings. 

Pb on Pd. 

Pb2Pd: Pb:Pd crystallites were randomly 
oriented. 

Pb:Pd;: Pb2Pds crystallites had the orienta- 


tion (0110)pp,Pa,||(001)pa and [1010]ep,Pa,! |[110] ea 


or [110]pa. 
PbPd;: When f¢,’s were 0°C, 100°C and had 
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200°C, a greater part of PbPds crystallites had 
random orientation and the remaining smaller 
part had the orientation (001)pppa,||(001)pa and 
[100]eppa,||[110]pa. When ¢, was 300°C, PbPds 
caystallites were randomly oriented crystalliz- 
ing in the ordered state. 

Al on Ni. 

Al: Al crystallites in the deposit layer were 
randomly oriented. 

AINi: AINi crystallites had the orientation 
(001) arnil|(001)Ni and [100]ainil|[110]ni. 

AlsNiz: AlsNie crystallites had the orienta- 
tion (1010) ai,Nig||(OOL)i and [0110]ai,nig!|[110]ni 
or [110]ni (Fig. 3). 

(II) Ni on Ag, Cu on Ag, Pd on Ag, Auon 
Ag, Ag on Ag, Ni on Pd, Cu on Pd (t, was 
lower than 300°C in this case), Pd on Pd, Au 
on Pd, Ag on Pd, Ni on Ni, Cu on Ni, Pd on 
Ni, Au on Ni and Ag on Ni. The pairs of 
deposit and substrate combinations belonging 
to this group are able to form solid solutions 
over limited ranges or a continuous series of 
solid solutions?). The results in the case (II) 
are summarized in Table II. The epitaxial 
temperature for each combination is shown 


Table II. 
b ive Pd Ni 

anim | % | @ 10) % | % | Be | Or) ella ee ae 
a be ea So4 | — 91.5100 0 | -13.41 300 

cn [11.5 23.4 ol o | -7.1 | -19.5| -10] Gl 26 | —-11.1/ 200 | Ge 
| | sins <=196 | cio | 13% toon 10.4 | —4.4| 300 |b 

AL efor ora 142 | me) ors | ato rs | 

Au | 29102 (213.4 S00 a eno ~9.2 | 100. 57 0.2} 30 1 

Ay Te Gee Rees Cae ay aoa | Say) 16.0 | 0.5| 30 |g 

Pb oie aco | = 100. A | 27.3 | 10.2 a nae, fi 


a: deposit metal. 
b: substrate metal. 
m%: percentage misfit for parallel overgrowth. 


m'%: a percentage multiple misfit for (111) oriented overgrowth on (001) surface of substrate. 


te» C: epitaxial temperature. 

Or: orientation. 

: (001) ||(001), and [100] ||[100],. 

> (111) 11001)o and [110] ||[110]. or [110]>- 

(| and A occur simultaneously. 

: random orientation of CuPd in the ordered 


t.0C0 


tep BGs 


state at t,=400°C. 


: Weak D. S. rings due to deposit also always appeared at a substrate temperature higher than 
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in the 4th, 8th and 12th columns. The struc- 
ture of deposit layer obtained at a substrate 
temperature higher than the epitaxial tem- 
perature is shown in the 5th, 9th and 13th 
columns. 

Two kinds of oriented overgrowth were 
observed. One kind was such that the orienta- 
tion of crystallites in a deposit layer was 
(001)a||(001)o and [100].||[100},. This parallel 
overgrowth is quoted hereafter as the (001) 
orientation. As an example in this case 
a diffraction pattern due to a Ni-Ag_ bimetal 
film is shown in Figs. 4a and 4b. In addition 
to the spots due to Ni and Ag crystallites, 
the secondary diffraction spots due to Ni 
crystallites of diffracted beams due to Ag 
crystallites are also seen in Figs. 4a and 4b. 
The other kind of oriented overgrowth was 
such that the orientation of crystallites in 


a deposit layer was (111)a||(001), and [110]al| 


[110]. or [110]. This oriented overgrowth is 
quoted hereafter as the (111) orientation. As 
an example in this case a diffraction pattern 
due to a Pb-Ag bimetal film is shown in Fig. 
5. Besides the spots due to Pb and Ag the 
secondary diffraction spots due to Pb crystal- 
lites of diffracted beams due to Ag crystallites 
are also seen in Fig. 5. In the cases of Ag 
on Ni and Au on Ni both the (001) and (111) 
orientations occurred simultaneously in the de- 
posit layer (Fig. 6). In general the orienta- 
tion of crystallites in a deposit layer was 
random, when the substrate temperature was 


(] 


[_] 
je 
ies] 
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lower than an epitaxial temperature. The 
case of Ni on Ni was an exception, where Ni 
crystallites in a deposit layer gave, superim- 
posed on D.S. rings, an arc pattern due to 
the following orientation: (111),||(001), and 


[110].||[110]. or [110],. In the patterns due to: 
Au-Ag bimetal films there always appeared 
diffuse bands (Fig. 7). 

In the present experiment it could not be 
ascertained whether the deposit atoms inter- 
diffused with the substrate atoms or not in 
the case of each combination belonging to 
the (II) group. In the case of Pb on Ni no 
diffraction pattern was obtained which was 
so perfect as to be analysed. 

§4. The (001) and (111) Orientations and the 
Percentage Misfit 


The single crystal film of f.c.c. metal 
evaporated on to a cleavage surface of NaCl 
crystal has generally an atomically rough 
surface. It has been reported® that, if copper 
is deposited on to gold the copper deposit, at 
the initial stage, diffuses into the gold substrate 
as shown by the electron reflection method. 
Though the transmission method of electron 
diffraction failed to detect alloying of deposit 
with substrate in the cases of all deposite 
and substrate combinations belonging to the 
(ID) group, it may not be concluded that deposit 
and substrate atoms do not diffuse into each 
other. 

In the following, it is assumed that the 


= 1) =o O e) 10 Ke) 20 
m % 
Ni AES SES I as ee (RT a CE ee 
=20 EVA6) ells} 10 =o O is) 
m’ % 
[ ] (O01) orientation 


Cie) 


A 


orientation 


A a & Z\ occur simultaneously, 


Fig. 8. 
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surface of substrate is the (001) plane, and 
the kind of oriented overgrowth versus per- 
centage misfits is plotted in Fig. 8. One of 
two percentage misfits in two orthogonal 
directions for the (111) oriented overgrowth 
on the (001) surface of substrate is equal to 
the percentage misfit m% for parallel over- 
growth on the (001) surface of substrate. The 
other misfit m’% (a multiple misfit) is equal 
to (0.866 m—13.4)%. m% is tabulated in the 
2nd, 6th and 10th columns in Table II. m’% 
is tabulated in the 3rd, 7th and 11th columns 
in Table II. It will be seen from Fig. 8 that 
the (001) orientation occurs when m% is 
smaller than about 16%, and the (111) orienta- 
tion occurs for low values of m’%. It will 
be noteworthy that there is a correlation be- 
tween the kind of oriented overgrowth and 
the percentage misfits in spite of using an 
atomically rough surface as a substrate. 


This work has been supported partly by the 
fund of the Ministry of Education in Aid of 
Scientific Researches. 
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The constitution of Mn-Ge system within the range of composition 
21.8~35.7 at.2% Ge was examined by X-ray powder diffraction, and mag- 
netic properties of each phase were studied. The existence of four 
phases——high- and low-temperature phases at about 22~23.5at.% Ge 
(€, €1), a high temperature phase around 28at.% Ge (¢), and a low- 
temperature phase at 28.6 at.% Ge (x) was established. The « phase 
is ferrimagnetic below the Curie point 710°K, and the spontaneous mag- 
netization is reversed at 395°K (N type). The other phases exhibit quite 
anomalous magnetism. The Debye diagram for ¢ phase could be indexed 
assuming a hexagonal structure with lattice parameters a=7.18,;A and 


c=13.0; A. 


Introduction 


§ 1. 


The phase diagram of the binary alloy 
system of manganese-germanium was investi- 
gated in detail by Zwicker et al.”, and was 
partly corrected in the later work by Zwicker”. 
According to them, there exist four inter- 
metallic compounds in this system: Mns 2;Ge, 
Mn;Gez, Mn;Ges, and Mn:Gez. The com- 
pound Mn; 2;Ge (23.5 at.% Ge) is formed peri- 
tectically at 900°C from 7-Mn solid solution 
and the melt. The compound Mn;Gez (28.6 
at.% Ge) is formed at 920°C and undergoes 
a phase transition at 630°C. The compound 
Mn:Ge: is formed at 932°C for the composi- 
tion of 37.5at.% Ge, and has the appreciable 
range of solid solution toward the manganese- 
rich side, which is reduced with lowering of 
temperature. The compound Mn:Ge: is form- 
ed at 745°C by a peritectic reaction between 
Mn;Ges and the melt with 50.5at.% Ge. 

As for the crystal structures of these com- 
pounds, Zwicker et al.’ reported that Mns 2:Ge 
thhad a hexagonal close-packed structure in 
~which a superstructure of D0:o (NisSn) type 
formed after annealing the specimen for two 
days at 750°C. They also reported that the 
Debye diagram for the high-temperature phase 
of Mn;Ge2 suggested a structure being closely 
related to B8 (NiAs and Ni.In) type, but there 
‘were superstructure lines which could not be 
indexed. The only work carried out later to 
determine the crystal structure of the com- 
pound in the system is due to Castelliz®, who 
showed that the Debye diagram for Mn:;Ges 
can be satisfactorily explained by assuming 


a D&s (Mn;Sis) type of structure. 

The existence of a ferromagnetic phase in 
this system was noted first by Hames and 
Eppelsheimer®. Zwicker et al.» reported that 
Mn;Ges was strongly ferromagnetic and the 
high-temperature phase of Mn;Ge2 was weakly 
ferromagnetic. But no quantitative measure- 
ments had been made until Castelliz®) deter- 
mined the ferromagnetic moment per man- 
ganese atom and the Curie temperature of 
Mn;Ges. Quigg et al.®, in the course of 
their researches for new permanent magnet 
materials, measured the values of saturation 
magnetization, remanence, and coercive force 
at the room temperature for their unhomoge- 
nized specimens of Mn;Ges and Mn;Gez. Re- 
cently, Fakidov et al.”.® found an anomalous 
magnetic behavior in the specimen containing 
70 at.% Ge. 

Systematic investigations to survey the 
magnetic properties of the intermetallic com- 
pounds of iron group transition metals with 
IVb group elements in the periodic table had 
been undertaken by Yasukdchi, Kanematsu 
and Ohoyama, who discovered several new 
ferro-, ferri-, and antiferromagnetic materials 
in these systems)‘. In the manganese- 
germanium system, the anomalous magnetic 
behavior of Mn:Ge2 and the ferromagnetism 
of Mn;Gesz were studied in details'®), and, as 
for the other two compounds, the antiferro- 
magnetic behavior of Mns.2Ge which was 
quenched from 750°C”, the phase transition 
for the same compound!”, and the ferrimag- 
netism of the low-temperature phase of 
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Mn;Ge2 ° were reported. Further examina- 
tions on these two compounds, however, re- 
vealed that the effects of heat treatments on 
the magnetic behaviors were very complicated 
and could never be understood on the basis 
of the existing phase diagram due to Zwicker 
et al. Thus it became essential to make a 
closer inspection of the phase diagram in 
order to discuss the magnetism of these inter- 
metallic compounds. In this paper are re- 
ported the results of some X-ray and mag- 
netic studies which have been carried out on 
the alloys of the system containing from 21.8 
to 35.7 at.% Ge. 


§ 2, 


Preparation of Specimens and Experi- 
mental Methods 


The specimens used for this study were 
prepared as follows: Powders of electrolytic 
manganese (99.9%) and germanium (seven- 
nine purity) were mixed in the desired pro- 
portions, and each mixture charged in an 
alumina crucible was sealed in an evacuated 
quartz tube, and melted at 1150°C in an elec- 
tric furnace. After homogenized at 800°C 
for two days, they were quenched into cold 
water. Pieces of the alloys thus obtained 
were sealed again in evacuated quartz tubes 
separately, and held at various temperatures 
in electric furnaces, for two days at 700°C, 
for example, and for more than ten days at 
450°C. Finally they were quenched into 
water. The crystal structures were examined 
by X-ray diffraction with CuKa and FekKa 
radiations. The Debye diagrams were ob- 
tained by means of a recording X-ray dif- 
fractometer as well as a Debye-Scherrer 
camera of 90mm in diameter. A pulse height 
analyzer was set between the scintilation 
counter and the ratemeter of the diffracto- 
meter. The temperature dependences of the 
magnetization of the specimens were measured 
under the field of 9 kilo-oersteds from the 
liquid nitrogen temperature up to about 600°C, 
by means of a magnetic torsion balance. The 
magnetization was determined from the force 
exerted on the specimens placed in an in- 
homogeneous field. Temperatures were meas- 
ured by means of thermocouples, Pt-Pt 13% 
Rh for the high-temperature, and copper- 
constantan for the low-temperature regions. 


$3. Results of X-ray Studies 


More than ten alloys were prepared within 
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the composition range between 21.8 and 35.7 
at.% Ge. In particular, relatively many alloys 
were prepared for the compositions near 
Mn; »Ge and Mn;Gez. They were examined 
by X-ray diffraction after heat treatments, 
in order to identify the phases and to detect 
changes in the crystal structure or formations 
of superstructures, if any. 


eé and e: phases 


From the Debye diagram for the specimens. 
quenched from 800°C, it was concluded that 
the composition range of the most manganese- 
rich compound, which has usually been refer- 
red to as Mnz.2;Ge after Zwicker et al., is. 
less narrow—about 22 to 23.5at.% Ge—than 
their estimation, and 22.7 at.% Ge (Mns 4Ge) 
was chosen as the representative composition 
of the phase. Moreover it has been found 
that it undergoes a phase transformation as 
has been mentioned. In the following we 
shall refer to the high-temperature and the 
low-temperature phases as « and «1 respec- 
tively. 


a) ¢ phase 

The crystal structure of the high-tempera- 
ture phase is of A3 (h.c.p.) type and the 
lattice parameters were determined for the 
specimens quenched from 800°C to be a= 
2.672A, c=4.310A, and c/a=1.6ls at the ger- 
manium-rich side and a=2.66;A, c=4.31sA, 
and c/a=1.6l, at the manganese-rich side. 
These values are in substantial agreement 
with those given by Zwicker et al. In con- 
trast to their result, however, no superstruc- 
ture lines were observed even for the speci- 
men annealed at 650°C for a week. But 
the existence of some degree of ordering 
may not be denied, for the difference in the 
atomic scattering factors for the two kinds 
of atom is not large enough. 

At the composition of 22.7at.% Ge, the 
lattice parameters a=2.66sA, c=4.30.A and 
c/a=1.61;, and the picnometric density 7.45 
g/cm® gave 0.46 formula weights of Mns .Ge 
or, in total, 2.0 atoms per unit cell. 


b) «1: phase 

The low-temperature «1 phase was realized 
by annealing the specimens of « phase at a 
temperature below 500°C. It has a tetragonal 
A6 (f.c.t.) type of structure with the lattice. 
parameters a=3.803A, c=3.61sA, and c/a= 
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0.951 at 22.7 at.% Ge as reported previously 
by Ohoyama, Yasukéchi and Kanematsu’, 
The picnometric density 7.46 g/cm? gives 0.88 
formula weights of Mn: «Ge or 3.9~4 atoms 
per unit cell. The transformation is presum- 
ably performed by the rearrangement of 
hexagonal (0001) planes to form tetragonal 
(111) planes. Thus, if a superstructure of 
D0:9 (NisSn) type was established in ¢ phase, 
it would be transformed into a tetragonal, 
L6o (TisCu) type of structure. But no super- 
structure lines were observed either. 

The high-temperature < phase was super- 
cooled down to the room temperature, by the 
furnace-cooling at a rate of about 200°C/hr. 
The transformation took place so slowly that 
a long-time annealing was needed for its com- 
pletion, but it was promoted to a considerable 
extent by a quenching from 800°C followed 
by a tempering at 450°C.* Thus the trans- 
formation will never be detected by means 
of the thermal analysis at the usual cooling 
rate. The transformation temperature was 
estimated to be about 500°C, which was also 
supported by the magnetic measurements. 


Table I. Debye diagram of ¢-Mny ¢;Ge. 
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* A similar phenomenon was also seen in 


“Mn;Ge; ’. 
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7 phase 


The crystal structure of the compound 
Mn;Ges, to which we shall refer as 7 in the 
following, was identified to be of D8; (Mn:Sis) 
type by Castelliz®, In the present study, the 
lattice parameters for the alloys of manga- 
nese-rich side were determined to be a=7.18s 
A, c=5.037A, and c/a=0.701 at the room tem- 
perature. 


€ phase 


The specimen with 27.4at.% Ge (Mn: ¢;Ge) 
annealed at 800°C was found to have a hex- 
agonal structure with the lattice parameters 
GAT SA cH 130A, and c/a=1.8252eun the 
following we shall refer to this phase as €. 

The strong diffractions can be indexed with 
a=alV 3 =4.15A4, c’=c/2.5=5.23A and c’/a’ 
=1.26. These parameters and the relative 
intensities of these diffraction lines suggest 
that the structure is closely related to that 
of B&: (NisIn) type, as was stated by Zwicker 
et al.” for their high-temperature phase of 
Mn;Gez (28.6 at.% Ge). In the Debye diagram 
of our specimen with 28.6at.% Ge, however, 
a trace of the diffraction line from the more 
germanium-rich 7 phase was recognized. 
Thus it is likely that C phase exists at the 
composition with more manganese _ than 
Mn;Gez. The specimen containing 27.4 at.% 
Ge quenched from 800°C was chosen as the 
representative of this phase in the magnetic 


Table II. Debye diagram of «-Mn;Ge,. 
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study, since the diffractions from other phases 
were absent in the Debye diagram. . The 
picnometric density of our specimen was 7.12 
g/cm, which gives 11.7 formula weights of 
Mn: «Ge or 42 atoms (30.5Mn+11.5Ge) per 
unit cell. Further determination of the crys- 
tal structure will be carried out in future. 

Though the phase decomposed after a long 
time annealing at 500°C or lower, it was 
supercooled to the room temperature and the 
crystals of this phase which is easily cleaved 
along its (0001) plane was obtained by a 
furnace-cooling of the specimen from the 
melt. A quenching from 750°C followed by 
a tempering at 650°C promoted again the 
metallurgical reaction, and the precipitation 
of a greater amount of 7 phase in the speci- 
men with 28.6at.% Ge (Mn;Gez) after such 
a treatment was detected by the X-ray ex- 
amination. 


« phase 

The specimen containing 27.4 at.% Ge 
(Mnz «s;Ge) decomposed into two phases when 
annealed at a temperature below 500°C: A 
small amount of «1: phase described above and 
a large amount of another phase which will 
be referred toasx«. The specimen containing 
28.6at.% Ge (Mn;Gez), when annealed at the 
same temperature range, became to give only 
the diffractions from « phase, which are 
shown in Table II. In the course of the 
transformation, the single crystal of € phase 
was Changed into an aggregate of microscopic 
crystallites of « phase which gave continuous 
Debye rings, so that the single crystal tech- 
nique was not available for the analysis of 
the crystal structure. Although the powder 
pattern has not been successfully indexed, 
the structure seems not to be of a very low 
symmetry. 

This phase might correspond to the ‘ low- 
temperature modification of Mn;Ge2’ of 
Zwicker et al., but the Debye diagram is far 
from being related to that for the ‘high- 
temperature modification’, contrary to their 
statement. It may be possible that duration 
of their heat treatment was too short for the 
specimen to undergo the phase transformation 
to a considerable extent, and that their X-ray 
photograph was taken for the mixture of the 
high- and low-temperature modifications. 
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Two phase regions 

Diffractions from « phase were found as 
well in the two-phase specimens annealed at 
a temperature below 500°C (e:.t+« or «+7). 
« phase continued to exist after these speci- 
mens were annealed at 600°C, while «1 phase 
was replaced by « phase. After these were 
heated up to above about 630°C, which was 
reported by Zwicker et al. to be the transi- 
tion temperature of ‘Mn;Ge:’, « phase dis- 
appeared and € phase appeared instead. 

The diffractions from ¢« phase were recog- 
nized in the Debye diagram of the specimen 
with 27.5at.% Ge annealed at 700°C, which 
disappeared after it was annealed at 800°C. 


The phase diagram 


The result of the X-ray studies may be 
summarized as follows. 

(1) The composition Mn; sGe may be con- 
sidered to be in the middle of the homoge- 
neity range of the most manganese-rich com- 
pound (e and «: phases). 

(2) The hexagonal < phase transforms into 
the tetragonal «1 phase when annealed at a 
temperature below about 500°C. 

(3) The range of solid solution of the com- 
plex hexagonal € phase, which corresponds 
to the high-temperature phase of Mn;Ge:2 of 
Zwicker et al., is about from 27 to 28.5at.% 
Ge at 800°C, and diminishes as the tempera- 
ture is lowered. It is also probable that the 
maximum point of the liquidus curve lies 
in a little more manganese-rich side than 
Mn;Gez . 

(4) Corresponding to the low-temperature 
phase of Mn;Ge2 of Zwicker et al., a phase 
exists at the composition of Mn;Ge: with a 
very narrow range of solid solution (« phase). 

(5) The alloy with the composition of 
Mn;Gez (28.6 at.% Ge) consists of two phases 
C+7 between 650° and 850°C. 

(6) The two-phase alloys «+7 change into 
€+7 when heated at a temperature above 
about 630°C. 


These experimental results clearly show 
that the phase diagram due to Zwicker et al., 
shown in Fig. 1(a), should be revised. Since 
it seems difficult, if not impossible, to imagine 
that the alloy with 28.6at.% Ge is of single 
€ phase at temperatures just above 630°C, 
the experimental evidences (4) and (5) have 
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led the author to assume the existence of 
two reactions, as shown in Fig. l(b), instead 
of a transformation C¢<-«. The other possi- 
bility that the two reactions are ¢ —et+n at, 
say, about 650°C and «+7. at about 630°C 
was denied because diffractions from 7 phase 
were not found in any specimens containing 
Jess germanium than 27.8at.%. If it were 
the case, the appearance of the ferromagnetic 
7 phase would have been easily detected 
through the magnetic measurements describ- 
ed below. 


Mnz2sGe MnsGee MnsGes3_ Mns.esGe MnsGe2 MnsGe3 


900 
= 800 
se 
© 700 
= 
Rs) 
© 600 
a 
€ 
2500 

400 

i) 255 4304) 35 25 30 35 
at. % Ge at. % Ge 
Fig. 1. Partial phase diagrams of Mn-Ge system, 


the one after Zwicker et al.!) (a), and the alter- 
native proposed (b). 


Magnetic Properties of the Intermetallic 
Compounds 

The results of the studies on the magnetic 
properties of the intermetallic compounds, 
which were carried out standing on the basis 
of the findings given in the last section, will 
be presented below. 
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e phase 


In Fig. 2 is plotted against temperature 
the magnetic susceptibility of a specimen con- 
taining 22.7 at.% Ge (Mn; .Ge) quenched from 
850°C (¢ phase). Its reciprocal is also shown 
in the same figure. The susceptibility x 
stays nearly constant at 1.0x10-* from the 
liquid nitrogen temperature up to 350°K, 
where it begins to fall. The hump in the 
susceptibility as seen in the isotypic com- 
pound MniuSns3 1 was not found. The 1/z- 
T curve rises straight between 350° and 480 
°K, and thereafter the effect of the transition 
of the metastable « phase into the stable « 
phase is seen, which is promoted remarkably 
when the specimen is heated up to about 
400°C (670°K). The Debye photograph taken 
for the specimen used in this magnetic meas- 
urement after cooled to the room temperature 
showed the diffractions from «: phase besides 
those from ¢« phase. The asymptotic Curie 
point and the paramagnetic moment per 
manganese atom for e phase were roughly 
estimated from the straight part of the curve 
as 210°K and 2.89 up respectively. 

It might be somewhat questionable to speci- 
fy the magnetism of «-Mn; .Ge as antiferro- 
magnetism, because the sharp maximum of 
the susceptibility is absent. But there still 
remains a possibility that the absence might 
be due to a feeble ferromagnetism parasitic 
on the antiferromagnetism. 

Now a few words should be added here to 
take back the previous report®) that the mag- 
netism of this phase was typical of antiferro- 
magnetism. The repeated examinations were 
carried out thereafter to reveal that the 
magnetism was such that described in the 
present paper. The anomaly in the suscepti- 
bility which was observed in the previous 
specimen Mns;.2Ge may be due to a small 
amount of € phase unexpectedly contained in 
it. The susceptibility of ¢ phase forms an 
anomalously large peak, as shall be shown 
below, near the superficial Néel point of 
‘Mnsz »Ge’, while that of « phase stays nearly 
constant at a relatively small value. Thus 
the y-T curve of the specimen may be readily 
affected by the presence of € phase. It may 
be considered rather probable now that the 
composition Mn; .2Ge, which was found to be 
at the phase boundary in the present work, 
as well as the peritectic nature of the reac- 
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tion concerned, had allowed the specimen to 
contain that phase, though its diffraction was 
not observed in the Debye chart. 


oO 200 


400 600 
Temperature (°K) 


Fig. 3. Temperature dependence of saturation 
magnetization of e,-Mn; ,Ge!2). 


é1 phase 


In Fig. 3!” is shown the saturation mag- 
netization of the same specimen (Mnsz .Ge_ or 
22.7at.% Ge) after annealed at 430°C for 9 
days (e: phase). The low-temperature phase 
is much more strongly magnetic than the 
high-temperature phase. The saturation mag- 
netization is nearly constant at low tempera- 
tures and may be extrapolated to be 1lcgs 
emu/g at 0°K. On heating above the room 
temperature, it increases toward its maximum 
17 cgsemu/g, and then falls off quite rapidly 
owing to the phase transformation into the 
high-temperature phase (¢) which is paramag- 
netic at these temperatures. The smallness 
of the value of the magnetic moment 0.15 vg 
per Mn and the anomalous form of the o-T 
curve suggests a kind of ferrimagnetism. It 
is true that the ferrimagnetic structure is 
difficult to understand because all the atomic 
sites are crystallographically equivalent to 
each other in the disordered structure as 
concluded above, but it might be still possible 
that some degree of order is present associ- 
ated with the stoichiometric excess of manga- 
nese, which were not detected by means of 
the X-ray diffraction. It may be probable 
that the superexchange interaction between 
manganese atoms through the intervening 
germanium atom, which was found to be ef- 
fective in understanding the magnetism of 
the intermetallic compounds of manganese- 
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tin’ and iron-germanium' systems, plays. 
an important role again in this compound 
of manganese with germanium. 


Gram Susceptibility 


300 500 


O 1 SS eee 
O 100 200 
Temperature 


400 
(°K) 
(17Xg) x10°4 


Inverse Susceptibility 
iS 


| 4 —1__ 
600 800 


(°K ) 


i 4 — 4 
ie) 200 400 
Temperature 


1000 


Fig. 4. Temperature dependences of magnetic 
susceptibility (a) and its reciprocal (b—Q(©): heat- 
ing; @: colling) of ¢-Mnp ¢;Ge. 


¢ phase 


In Fig. 4(a) is shown the dependence of the 
susceptibility of the specimen with 27.4 at.% 
Ge quenched from 800°C (€ phase). The 
reciprocals of the susceptibility up to higher 
temperature are shown in Fig. 4(b). The 
drop at about 800°K of the inverse suscepti- 
bility in the heating curve is ascribed to the 
the precipitation of « phase. The metallur- 
gical reaction from the metastable to the 
stable states (C—>e+«) was promoted by the 
heat treatment imposed on the specimen, 
quenching from 800°C followed by heating 
up to 500°C, as has been mentioned. The 
successive heating turned the specimen back 
into the homogeneous € phase, which was 
left unchanged on cooling. 

Apart from this drop, the magnetic behavior 
is quite anomalous, but it might be considered 
that this would be associated with a kind of 
antiferromagnetism. Although the crystal 
structure has not been fully analyzed, it must 
be closely related to that of B8, type. Thus 
we shall now consider the magnetism of this 
phase from the standpoint of the simple rule 
with respect to the spin values of iron group 
elements in the compounds with B8» or re- 
lated types of structure!).16), 
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In the B8: type of structure, the whole 
lattice may be divided into two sublattices: 
sublattice A consisting of 2(a) sites and sub- 
lattice B consisting of 2(c) and 2(d) sites. 
According to the rule'®, the spin values are 
given as follows: 


S=3/2 for Mn in A sublattice, 
S=1 for Mn in B sublattice. 


The unit cell of € phase, which is 7.5 times 
as large as that of the associated B®: lattice, 
contains 42 atoms as has been mentioned. 
Though the distribution of the atoms among 
the lattice sites remains unknown until the 
analysis of the intensity of the X-ray diffrac- 
tions is carried out, it may be not unreason- 
able to assume that the 5.6 atoms (4.07 Mn+ 
1.53 Ge) per unit cell of the associated B8: 
lattice are distributed as in the following, 
because Mn;Ge; crystallizes in a D8s type of 
structure which may be regarded as of the 
deformed B82 type, with one-third of the 
manganese atoms in A sublattice replaced by 
atomic holes. 


1.60 Mn+0.40 holes in A sublattice, 
2.47 Mn+1.53 Ge in B sublattice. 


Then it is seen that the resultant magneti- 
zation is nearly canceled out, if we further 
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Fig. 5. Temperature dependences of saturation 
magnetization (©) and reciprocal susceptibility 
(@) of «-Mn;Gez ,1” dotted curve showing the 
reversal of spontaneous magnetization. 
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assume that the interaction between the two 
sublattices is negative (antiparallel coupling). 
Antiferromagnetism might come from such 
an situation in this phase, though it can not 
explain the whole shape of the y-T curve. 


k phase 


In Fig. 5!” the saturation magnetization of 
the specimen containing 28.6 at.% Ge (Mn;Gez) 
annealed at 500°C (« phase) is shown as a 
function of temperature. On elevating the 
temperature from 90°K, the magnetization 
under a field of 7.5 kilo-oersteds first decreases 
monotonically and become vanishingly small 
at 395°K. Then it grows again toward its 
maximum at 630°K and finally falls off at 
710°K. The reciprocal of the susceptibility 
at higher temperatures are also shown in the 
same figure. The reversal of the magneti- 
zation at 395°K was ascertained from the 
simple demonstration which had been made 
by Gorter et al.!” for their LiFeCr spinels, 
as well as from the deflections of a galvano- 
meter induced by pulling a coil off the speci- 
men rod, which was heated in the absence 
of field after magnetized at the room tem- 
perature. Thus the first example of Néel’s 
N type ferrimagnetism among the group of 
the intermetallic compound was established. 
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Fig. 6. Dependence of magnetization of Mn-28.6 


at.% Ge quenched from 850°C (¢+7%). 


In Fig. 6 is shown the magnetization of a 
specimen containing 28.6at.% Ge (Mn;Gez) 
quenched from 850°C as a function of tem- 
perature. At first this curve was considered 
to be purely due to the ‘ weak ferromagnet- 
ism of the ‘high-temperature phase of 
Mn;Ge2’, but the careful X-ray study has 
clarified that the specimen contained a trace 
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of 7 phase, so that the o-T curve may be 
regarded as a mere superposition of the fer- 
romagnetism of 7 phase and the anomalous 
magnetism of € phase. The anomalies at 
140° and about 400°K may be ascribed to 
those of ¢ phase (Fig. 4). 


$5. Summary 

The binary alloy system of manganese with 
germanium of the concentration ranging from 
21.8 to 35.7at.% was studied by means of 
X-ray powder diffraction, and the magnetic 
property of each phase was surveyed. The 
conclusions obtained are as follows. 


(1) It was found that the phase diagram 
due. to Zwicker et al. should be revised in 
the composition range concerned and an alter- 
native partial diagram was presented. 

(2) ¢€ phase, which corresponds to the high- 
temperature phase of Mn;Gez2 of Zwicker et 
al., has a range of solid solution which di- 
minishes as the temperature is lowered. 

(3) The Debye diagram for C phase can 
be indexed by assuming a hexagonal struc- 
ture. The unit cell contains 42 atoms. 

(4) e-Mns «Ge (high-temperature phase) ex- 
hibits an anomalous magnetic behavior which 
may be considered to be based upon antifer- 
romagnetism. 

(5) Magnetism of «.-Mns .Ge (low-tempera- 
ture phase) may be classified under ferri- 
magnetism. 

(6) ¢-Mn2.;Ge (high-temperature phase) has 
a quite anomalous magnetism which also may 
be considered to be based upon antiferro- 
magnetism. 

(7) «-Mn;Gez (low-temperature phase) pro- 
vides the first example of N type ferrimag- 
netism among the group of intermetallic com- 
pounds. 


The results obtained encourages the author 
to execute further studies to throw light upon 
the origin of the anomalous magnetic be- 
havior of each phase. The anomaly must 
have a close connection with the complexity 
of its crystal structure. The X-ray researches 
to analyze the structure of € and « phases, 
as well as to find out any evidences of the 
formation of the superlattice in ¢ and « 
phases, are now in progress. 


This work forms a part of the surveying 
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research on the magnetic properties of. the: | 
intermetallic compounds of iron group with — 
IVb group elements in which the author has. — 
kept his co-operation with Prof. K. Yasukochi 
and Dr. K. Kanematsu of Nihon University,. 
to whom indebtedness is acknowledged for 
their help and discussions. 


The author wishes to express his hearty 
thanks to Prof. R. Kimura for his constant. 
encouragement and valuable suggestions and. 
to Profs. E. Fukushima and T. Sato for the 
facilities of their laboratories. Thanks are. 
also due to Mr. K. Endo for his assistance. 
He is especially grateful to Prof. H. Takaki 
of University of Kyoto for his interest in this. 
work and for reading the manuscript critically. 


References 


I. UL Zwicker, -H.Jahn sand Ko Schubert-.Ze 
Metallkde. 40 (1949) 433. See also J. H. Down- 
ing and D. Cubicciotti: J. Amer. Chem. Soc. 
73 (1951) 4025. 

2) U. Zwicker: Z. Metallkde. 42 (1951) 327. 

3) L. Castelliz: Monatsh. Chem. 84 (1953) 765. 

4) F. A. Hames and D.S. Eppelsheimer: Nature: 
162 (1948) 968. 

5) L. Castelliz: Z. Metallkde. 46 (1955) 198. 

6) R. J. Quigg, G:-P: Conard and, J. E:) Libsch: 
J. Metals 7 (1955) 359. 

7) S. D. Margalin and I. G. Fakidov: 
(958) 1572 

8) I. G. Fakidov and Yu. N. Tsiovkin: 
7 (1959) 685. 


DMM. 6. 


OMM. 


9) K. Yasukochi, T. Ohoyama and K. Kanematsu:. 
J. Phys. Soc. Japan 14 (1959) 1820. 

10) K. Yasuk6échi, K. Kanematsu and T. Ohoyama:. 
J. Phys. Soc. Japan 15 (1960) 932. 

11) K. Kanematsu, K. Yasukéchi and T. Ohoyama: 
J. Phys. Soc. Japan 15 (1960) 2358. 

12) T. Ohoyama, K. Yasukéchi and K. Kanematsu:. 
J. Phys. Soc. Japan 16 (1961) 352. 

13) K. Yasukéchi, K. Kanematsu and T. Ohoyama:. 
J. Phys. Soc. Japan 16 (1961) 429. 

14) K. Yasukdchi, K. Kanematsu and T. Ohoyama :. 


J. Phys. Soc. Japan 16 (1961) 1123. 

15) K. Yasukdchi and K. Kanematsu: 
lished. 

16) K. Yasuk6chi, K. Kanematsu and T. Ohoyama: 
Presented at the annual meeting of the Physical. 
Society of Japan, April 1961. To be published. 
in Proceedings of the International Conference- 
on Magnetism and Crystallography, 1961. K. 
Kanematsu: to be published. 

17) E.W. Gorter and J. A. Schulkes: 
90 (1953) 487. 


to be pub- 


Phys. Rev.. 


Friction and Deformation of Polymers 
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The deformation caused to the surface of polymers by hard hemi- 
spheres of different radii was observed and the friction between the 
hemisphere and the plate was measured. The deformation produced was 
deduced from Newton’s rings and grooved track. Hertz’s equation was 
found to give the size of the contact circle. Wave-like deformation was 
observed near the contact region. When a tangential force is applied, 
the deformation increased on one side of the contact region and decreased 
on the other side. Two types of sliding contact were observed. One 
was attributed to the retarded elasticity and the other to the frictional 
heating. From the former, the retardation time was obtained. The pro- 
duction of grooved tracks was attributed to the non-recoverable deforma- 
tion. The deformation was discussed in connection with the friction and 
the wave-like deformation of polymer surface was suggested as the source 
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of frictional resistance. 


Introduction 


§1. 


The adhesion theory of friction”, developed 
for metals, has been used to interpret the 
friction of polymers?)-”. With metals, it was 
observed that the pressure at the region in 
true contact is sufficient to produce plastic 
flow and strong adhesion. With polymers, 
as Lincoln pointed out*’, the contact is very 
often elastic. According to the adhesion 
theory, it is deduced that the frictional force 
is directly proportional to the area of contact. 
This was verified in polymers as well as 
metals!”).4).. However, the direct evidence 
indicating that adhesion really occurs in the 
elastic contact of polymers has not yet been 
obtained. It is quite doubtful that adhesion 
occurs when there is no plastic flow. It is 
therefore desirable to carry out further in- 
vestigations concern the mechanism of poly- 
mer friction. 

Although several studies have been made 
on the contact of polymers?)”’.®, they were 
limitted to measurement of area of contact 
and no observations were made of the defor- 
mation of polymer surface in the neighbour- 
hood of the contact region. In addition, the 
area of contact is usually measured from the 
observation of the indentation or grooved 
track produced on the polymer surface. This 
technique, however, is insufficient to show 
the deformation of polymer by elastic contact. 
Lincoln determined the area of contact by 
optical interference (Newton’s rings) in the 


contact region, but his observation was 
limitted to the static contact. However, 
Newton’s rings no doubt must be capable of 
revealing the deformation by sliding contact 
as well. In this work, the deformation and 
friction in the static and sliding contact be- 
tween a flat plate of various polymers and 
two hard hemispheres have been studied. 
One of the hemispheres is of glass and the 
other is of steel. The deformation of poly- 
mers produced by the glass hemisphere is 


Table I. 
NG ( dul 
Polymer sample aca us 
Polyvinyl chloride (PVC) 2.88 x 104 

—30 parts plasticized- | 

(PVC-30) 8.83 x 102 

—50 parts plasticized- 

(PVC-50) 9.38 x10 
Polystyrene 2.05 x 104 
Polymethyl methacrylate 

(PMMA) 2.75 x 104 
Nylon 6 1.03 x 104 
Polyethylene-high density 

(Hizex 7000)* 8.94 x 108 
Polyethylene-low density 

(Sumikathene G-20)* 1.37 x 103 
Polytrifluorochloroethyl- 

ene (PTFCE) eS Syal04 
Polytetrafluoroethylene 

(PTFE) 1.21 x 104 
Phenol resin 4.03 x 104 


* Commercial name. 


2003 


2004 


examined by means of Newton’s rings. The 
steel hemisphere is of smaller radius than the 
glass hemisphere. The deformation produced 
by the steel hemisphere is examined by means 
of the frictional track. The purposes of this 


0,5 mm 


Fig. 1. An example of Newton’s rings observed 
in the contact region. Polystyrene: Load 350 g. 
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Fig. 7. Picture of the contact region of PVC-30. Load 56g. 
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work are, firstly, to clarify the deformation 
of polymers at the contact region and its 
neighbourhood, secondly, to find out if there 
is a new source of frictional resistance. 


§2. Experimental Procedures 


2.1 Samples 

The samples of polymers used in this ex- 
periment are listed in Table I with the values 
of Young’s moduli obtained in the present 
experiment. The glass hemispheres are all 
approximately 4cm in radius. The steel 
hemispheres are 0.24cm in radius. The sur- 
face of both kinds of hemisphere is very 
smooth and free from scratches. On the 
other hand, the surface of the polymers is 
not so smooth as the hemispheres being 
scratched a little, but Newton’s rings as are 
illustrated in Fig. 1 were observed near the 
contact between the glass hemisphere and 
the plate of polymer. The polymers and 
hemispheres were made as clean as 
possible by rubbing with cloth under 
alcohol before mounting them in the 
apparatus. 


2.2 Apparatus and procedures 


Fig. 2 shows the experimental ap- 
paratus with the glass hemisphere 
(H) in place. The glass hemisphere 
at the end of arm (A) can be easily 
replaced with the steel hemisphere. 
The pair of spring plates (S) forms 
the parallel spring system and the 
polymer sample (P) is mounted on 
the ends of the springs. The other 
ends of springs are fixed to the 
carriage (C) which is driven by an 
electric motor. The force of contact 
between the hemisphere and the 
polymer is determined by the dead 
load (W) placed on the arm. The 
recording parts of this apparatus is 
essentially similar to the apparatus 
used by Eldredge and Tabor®). When 
the hemisphere is pressed on the 
polymer and the carriage driven, 
the resistance to the slip produces 
a small deflexion in the springs, and 
this is amplified by the V-shaped 
piece of spring wire (I) which also 
functions as a stylus for recording. 
In this way, the stylus traces a fric- 
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tional record on a layer of soot deposited on a 
microscopic slide (R). The carriage is driven 
at the speed of 0.04cm/sec and at this speed 
the applied tangential force increases at the 


Microscope 


Fig. 2. Experimental apparatus 
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Fig. 8. Deformation produced when the glass 


hemisphere is sliding on Hizex at the speed of 
0.04 cm/sec. Load 350g, Frictional force 133 g. 
(a) Newton’s rings. 

(b) Deformation obtained by Newton’s rings (a). 
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rate of approximately 55 g/sec provided no 
slip occurs. The carriage was set in motion 
in many of the measurements after the 
hemisphere had been loaded for 1 minute. 
The light source for observing the Newton’s 
rings, was a sodium lamp but the xenon 
discharge flash bulb was also used in some 
of the experiments. When the glass hemi- 
sphere is pressed on the polymer, the defor- 
mation of the hemisphere is negligibly small 
and accordingly the shape of the polymer 
surface can be determined by measuring the 
distance y from the centre of contact to each 
dark ring. The contact region is given by 
the central dark part which is usually circular 
when the contact is static and is called the 
contact circle. The height h from the posi- 
tion of contact circle to the polymer surface is 
a measure of the deformation of the surface. 
The experiments were mainly carried out at 
a practicable range of loads between 56 g and 
760 zg, and at room temperatures of about 
20°C. 


(b) 


jenn ee 


—__,» Motion of hemisphere 


Fig. 11. Instantaneous photograph of the contact 
region”of sliding during the abrupt slip. 
(a) Polystyrene. Load 350g. 
(b) Sumikathene. Load 113g. 
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Experimental Results 


§ 3. 


3.1 Deformation by static contact 


a) Diameter of contact circle 

When a hard hemisphere is pressed on a 
flat surface of polymer, Hertz’s equation for 
elastic contact is written as” 


De =6 =o a . 


4 


(1) 


Where D is the diameter of contact circle, 
W the contact load, R the radius of curvature, 
E and o is Young’s modulus and Poisson’s 
ratio of the polymer, respectively. It must 
be noticed that / and o are generally depend- 
ent upon the loading time. With polymers, 
Poisson’s ratio has a value of about 1/3 in 
the glassy state and of about 1/2 in the rub- 
bery state’. Hence, the change of Poisson’s 
ratio does not affect much the diameter of 
contact circle. In the present paper a value 
of 0.4 is adopted as a rough approximation 
of Poisson’s ratio of all polymer samples. 
The measurements of the diameter of contact 
circle at a loading time of 1 minute were 


(b) 


—— Motion of hemisphere 0.5 mm 


Fig. 12. Effect of the thermal softening during 
the abrupt slip. 
(a) Polystyrene. Load 522g. 
(b) PMMA. Load 350g. 


Kyuichiro TANAKA 


(Vol. 16, 


made on various polymer as a function of 
load. The results indicated that the cube of 
diameter of contact circle is directly propor- 
tional to the load. By using four different 
glass hemispheres: 2.53, 4.24, 7.80 and 15.1 
cm in radius, when the load is of 760g, the 
measurements of the diameter of contact 
circle at a loading time of 1 minute were 
made on PMMA and Hizex as a function of 
the radius. These results indicate that the 
cube of the diameter of contact circle is 
again directly proportional to the load. Next, 
the measurements of the diameter of contact 
circle at two different loads were made on 
PMMA and Hizex by varying the loading 
time and by using Hertz’s equation (1) the 
time dependence of 1/E was obtained. These 
results are shown in Fig. 3. It is seen that 


105mm , 


Fig. 16. Photomicrographs of the track produced 
when the steel hemisphere slid on the polymers. 
The arrow shows the place where the hemi- 
sphere initially pressed on the polymers. 

(a) Hizex. Load 522g. 
(b) Nylon. Load 522g. 
(c) PTFE. Load 350g. 
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for Hizex the time dependence obtained at 
two different loads is represented by a single 
curve over the range of loading time used. 
But for PMMA the time dependence is af- 
fected by the load when the time of loading 
is too long and here the deformation is of 
a non-linear type. From the above measure- 
ments, it is to be concluded that Hertz’s 
equation is applicable to the elastic contact 
of polymers, although when the loading time 
is very long Young’s modulus in the equation 
is also dependent upon the load as well as 
the loading time. Young’s moduli of poly- 
mers, which were obtained by the application 
of Hertz’s equation to the relations between 
the cube of the diameter of contact circle at 
a loading time of 1 minute and the load, were 
already summarized in Table I. 
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Fig. 3. Time dependendence of 1/H. © and ®@ 


are obtained at the load of 56g and of 760g, 
respectively. 


Fig. 4. Deformation of PMMA surface in the 
neighbourhood of the contact region. Load 
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b) Deformation of polymer surface 

From the examination of Newton’s rings 
appearing when the glass hemispheres were 
pressed on the polymers, it was found that 
the polymer surface neighbouring the contact 
region is deformed as illustrated in Fig. 4. 
It was impossible to cover all the deformed 
region of the surface, because the observation 
of Newton’s rings was restricted to a com- 
paratively small area near the contact region. 
However, it is evident that the wave-like 
deformation of polymer surfaces occurs in 
the neighbourhood of the contact region. 
From the deformation observed at various 
loads, measurement was made of the mag- 
nitude of deformation. The results are shown 
in Fig. 5, in which the abscissa is the contact 
depth instead of the load. It seems that the 
size of deformation of polymer surface is 
proportional to the contact depth. 


| OPMMA 
O Hizex 
ASEnECE 
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Fig. 5. Relation between the size of deformation 
(H, L) and the contact depth d. 
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Fig. 6. Effect of the tangential force on the 
deformation of PMMA surface. Load 350g. 


In order to find the effect of tangential 
force on the deformation of polymer surface, 
examination of Newton’s rings were again 
made on various polymers after displacing 
the carriage by a given amount. In this ex- 
periment, a load of 350 g was used and applied 
tangential force was of about 85 percent of 
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the maximum static frictional force. An ex- 
ample of the results is shown in Fig. 6. It 
is seen that when the tangential force is ap- 
plied the deformation of surface increases on 
the front side of contact region, where the 
glass hemisphere compresses the polymer 
surface in tangential direction, and decreases 
on the other side (back side). It is also seen 
that on the front side the height from the 
position of the contact circle to the deformed 
surface of polymer exceeds one-half of the 
amount of contact depth and the deformation 
extends to a very wide region of surface. 
From the above-mentioned behaviour of poly- 
mer surface, it may be concluded that in 
applying the tangential force the contact 
region is slightly displaced on the polymer 
surface and the resistance to slipping of the 
glass hemisphere is derived from the defor- 
mation of the polymer surface. When slipp- 
ing does not occur, a constant tangential force 
can be applied to the contact region by a 
given displacement of the carriage. When 
the slow slip occurs after carriage is displaced 
by a given amount, the applied tangential 
force decreases gradually. This was observed 
with Hizex, Sumikathene, PVC-30 and PVC- 
50. The sliding speed in slow slipping was 
of the order of 10-* cm/sec for Hizex. When 
the applied tangential force was gradually 
increased by moving the carriage, abrupt slip 
occured with all polymers used in the ex- 
periment when the tangential force became 
too large, and hence the maximum static 
frictional force could be determined (see 3.3). 
On the other hand, slow slip occurred when 
a force slightly smaller than the maximum 
static frictional force was applied. There- 
fore, the slow slip seems to be due to the 
flow property of the polymer. If the flow 
takes place easily on the polymer surface, it 
is impossible to determine the static friction. 
Although the slow slip was detected only 
with comparatively soft polymers, still slower 
ship may be occurring in hard polymers such 
as PMMA. 


3.2 Deformation during frictional process 


a) Cinematographic observation 

Moving picture of Newton’s rings during 
the movement of the carriage were taken on 
several polymers on 8mm films at a speed 
of 16 frames per second. In the experiment, 
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the carriage was set in motion after pressing 
the glass hemisphere for 4 minutes, because 
it took time to adjust the position of the 
centre of Newton’s rings on the picture frame. 
By cinematography usually only a few fringes 
of Newton’s rings were observable and with 
softer polymers such as PVC-30 only the 
central dark region. As the frictional force, 
i.e. tangential force, produces a slight deflex- 
ion in the arm supporting the glass hemi- 
sphere, the centre of Newton’s rings is 
displaced in the frame in proportion to the 
frictional force. and hence by using this 
displacement the frictional force correspond- 
ing to each frame can be determined. In 
order to express the results obtained from 
the picture positive and negative serial num- 
bers were assigned to a series of frames, the 
negative numbers being given to the frames 
exposed before the slipping occurred and the 
positive numbers to those exposed thereafter. 
The picture for PVC-30 is illustrated in Fig. 
7. In this illustration, the friction process is 
of stick-slip type and after the initial abrupt 
slip the sticking occurs until the second ab- 
rupt slip occurs at the frame numbered +69. 
It is seen that the shape and area of the 
contact region change with the increasing 
tangential force and the rear part of contact 
becomes very small immediately before the 
abrupt slip. With PVC-50, more marked 
changes of contact were observed. However, 
with other polymers, no changes of contact 
appeared during the stick. The examination 
of Newton’s rings on the frame, —1 showed 
that the deformation at the maximum static 
friction was similar to the deformation ob- 
served in applying the smaller tangential 
force (see 3.1). With Hizex and PTFE, smo- 
oth sliding in which the sliding speed was 
same as the speed of carriage and the re- 
corded sliding friction was approximately 
constant took place after the abrupt slip. 
While the smooth sliding was in progress the 
periphery of contact was circular in the front 
but not in the rear. An example of the 
frame in the cinematography of the smooth 
friction on Hizex is shown in Fig. 8(a). The 
deformation of surface obtained from New- 
ton’s rings in this frame is shown in Fig. 8 
(b). It is seen that the deformation of surface 
is very large on the front side of the contact 
region and comparatively small on the back 
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side. The shape of the rear part of contact 
is to be attributed to the retarded elasticity 
of polymers and will be discussed later. 

The relation between the frictional force 
and the frame number is illustrated in Fig. 
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Fig. 9. Relation between the frictional force and 
the frame number. The graph for PVC-30 is 
obtained from Fig. 7. 
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9, in which the straight portions of each 
graph correspond to the sticks. The graph 
of PVC-30 in Fig. 9 is obtained from the 
Cinematography shown in Fig. 7. In the 
graph of PVC-30, the portion near the second 
abrupt slip is not straight and hence it shows 
the occurrence of surface flow. The relation 
between the contact depth and the frame 
number is illustrated in Fig. 10, in which 
each graph corresponds to that in Fig. 9. 
After the initial abrupt slip has occurred, the 
glass hemisphere sticks at a new place on 
the polymer surface and during the stick the 
contact depth increases with time of contact 
but the rate of increase of contact depth 
becomes smaller. On the other hand, during 
the stick the carriage is moving and as the 
results of this the applied tangential force 
increases in proportion to the contact time. 
In such condition, when the abrupt slip oc- 
curs again during the stick, the friction is 
of the stick-slip type. Therefore, it is evident 
that the rates of increase of the contact depth 
and tangential force play an important part 
in the polymer friction. In examining the 
maximum static friction at the sticks, it was 
deduced that the frictional force is nearly 
proportional to the contact depth. 


b) Deformation during abrupt slip 

By using the xenon discharge flash bulb 
as the light source, the instantaneous photo- 
graph of Newton’s rings during the abrupt 
slip was taken on several polymers. The 
sliding speed was estimated at an order of 
a few centimeters per second. Two types of 
the shape of contact were obtained in the 
photograph. One was similar to the shape 
of contact observed in the smooth friction, 
i.e. the front half part of contact is semicir- 
cular and the rear part is smaller than the 
front part. Thus, this type of shape in the 
abrupt slip is attributed to the retarded 
elasticity of polymers. Two examples of this 
type are shown in Fig. 11. The other type 
was of the shape in which the rear part was 
elongated to the back side of the contact 
region. Two examples of this type are shown 
in Fig. 12. This type did not appeared in 
either of the cases of low load and low sliding 
speed. In addition, with phenol resin which 
is not softened by heat, this type did not 
appear even at heavy loads. Therefore, it 
seems that the shape is originated from the 
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softening of polymers due to the frictional 
heat generated during the abrupt slip. From 
the instantaneous photograph of Newton’s 
rings produced in the contact between a glass 
hemisphere of known radius and an optical 
flat, the effective wave-length, of the flash 
light was determined corresponding to each 
ring. By using this wave-length, the defor- 
mation of polymer surface was obtained from 
Newton’s rings in the instantaneous photo- 
graph of the abrupt slip. The results showed 
that the deformation during the abrupt slip 
was similar to the deformation observed in 
smooth friction. With Sumikathene, the 
shape of contact during the abrupt slip was 
far from circular, but the shapes at different 
loads were nearly similar to one another and 
the area A followed the relation Ax W*/3, 
where W is the load. The same relation was 
also obtained for other polymers provided the 
shape of contact was due to the retarded 
elasticity of polymers. 


3.3 Coefficient of friction 


With the glass and steel hemispheres on 
various polymers, measurement was made of 
the coefficient of friction as a function of the 
load. The friction between a polymer and 
a harder material is considered to be inde- 
pendent of the nature of the harder material?’. 
Thus, when different frictional behaviours are 
observed with the two kinds of hemispheres, 
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Fig. 13. Load dependence of the coefficient of 
static friction ps observed between the glass 
hemisphere, 4cm in radius and the plate of 
polymers. 
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these are essentially due to the difference in. 
radius of the hemispheres. 


a) Glass hemisphere on polymers 

The plots of the coefficient of static friction. 
vs against the load W are illustrated in Fig. 
13, in which both coordinates are in the: 
logarithmic scale.. In the figure, the solid 
lines represent a relation pscc W-? and are: 
drawn through the plots obtained when the: 
contact region seems to be of single contact 
circle. It is seen that the observed value of 
the coefficient of static friction becomes small- 
er with the decrease of the load, in com- 
parison with the value which is predicted by 
solid line. This is due to the effect of multi- 
ple point contact which has been reported 
by Archard'’. As minute irregularities exist 
on the polymer surface, the contact is made 
at more points in the contact circle with the 
decrease of the load. In such way, the fric- 
tional behaviour is affected by the smoothness. 
of the polymer surface. Therefore, it may 
be deduced that the relation between the 
coefficient of static friction and the load is. 
still represented in the lower range of load 
by the solid line, provided the polymer surface: 
is very smooth. This result also shows that. 
the frictional force is proportional to W?/:, 
On the other hand, the area of static contact 
is also proportional to W*/, because Hertz’s. | 
equation is obeyed. It is, therefore, con- 
cluded that the frictional force is proportional | 
to the area of contact. However, it is re- 
markable that the load dependence of the 
coefficient of friction is same for PVC-30 and 
PVC-50 as for the other polymers, although. | 


Table II. Coefficient of friction (us, ux)*. 


Polymer pes W3/8 | per W/8 
PVC | 8.9  (stick-slip) 
PVC-30 30 (stick-slip) 
PVC-50 | 62 | (stick-slip) 
Polystyrene | 8.3 (stick-slip) 
PMMA 12 | (stick-slip) 
Nylon | 11 | 10 
Hizex | 4.4 | 2.2 
Sumikathene 14 | (stick-slip) 
PTFCE 11 | (stick-slip) 
PTFE Pay i oll) 

Phenol resin exe) | (stick-slip) 


* W is the load (in g.). 
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marked changes of area and of the shape of 
contact appeared with the increase of applied 
tangential force. The coefficient of sliding 
friction 4x observed in the smooth sliding were 
also represented by the relation poo W-'/8, 
The values of vsW'/? and pxW** for various 
polymers are summarized in Table II. From 
the value of v;W 4/2, the static frictional force 
per unit area of contact f was obtained. The 
plots of f against Young’s modulus FE of 
polymer are shown in Fig. 14. It is seen 
that f is closely connected with £, usually 
increasing as E increases. With Hizex, the 
effect of the loading time on the static friction 
was also examined at a load of 350g. In 
this experiment, the frictional force increased 
by 21 percent over a time range from 1 to 
15 minutes, on the other hand the area of 
contact again increased by the same amount. 
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Fig- 14. Relation between the static frictional 
force per unit area of contact f and Young’s 
modulus Ff. 


Therefore, this result also indicates that the 
frictional force is proportional to the area of 
contact. 


b) Steel hemisphere on polymer 

The load dependence of the coefficient of 
friction with steel hemispheres was found 
markedly different from that with the glass 
hemisphere. The relation between the coef- 
ficient of static friction ys and the load W is 
illustrated in Fig. 15, in which both coordi- 
nates are in the logarithmic scale. It is seen 
that over the observed range of load ps follows 
the relation psx W-", where the index is 
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dependent upon the kind of polymer. The 
load dependence of the coefficient of sliding 
friction “x was also same as that of ys. As 
described later, Hertz’s equation is also 
obeyed for the contact between the steel. 
hemisphere and the polymers. In addition, 
the effect of multiple point contact is expected. 
to be less on the friction with the steel hemi- 
sphere, because the contact pressure is higher. 
Therefore, it is noticed that with the steel 
hemisphere the frictional force is not propor- 
tional to the area of contact. 
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Fig. 15. Load dependence of the coefficient of 
static friction ps observed between the steel 
hemisphere, 0.24cm in radius and the plate of 
polymers. 


3.4 Observation of frictional track 


In examining the frictional track produced 
on the polymer surfaces, the polymers were 
coated with a layer of alminium after the 
measurements of the coefficient of friction. 
Without such coating examination of the 
frictional track under the microscope was 
almost impossible. When the steel hemi- 
sphere slides on the polymers, grooved tracks 
were produced on the surface of many poly- 
mers. On the other hand, with the glass 
hemisphere, the frictional track is so slight 
that it was usually invisible under the micro- 
scope even with the alminium coating. The 
grooved tracks produced when the steel 
hemisphere slides smoothly on the polymers 
without stick-slip are illustrated in Fig. 16. 
From the examination of the scratches tra- 
versing the track; it is deduced that the track 
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originated mainly in the non-recoverable part 
of the deformation produced when the steel 
hemisphere compressed the polymer under- 
neath it, and the displacement of polymers 
from the front of the steel hemisphere 
(ploughing out) has very little to. do with the 
production of track. It is further seen that 
the indentation produced at the place where 
the steel hemisphere is initially pressed on 
the polymers is circular in shape. This 
means that the steel hemisphere does not 
plough out the polymers in the front of the 
hemisphere at the start of sliding but com- 
presses the polymers underneath itself and 
makes a slight climbing in its foreward mo- 
tion. 

With a few polymers, the circular indenta- 
tions were clearly observed and then their 
diameters were measured at various loads. 
When the cube of the diameter of indentation 
was proportional to the load, Young’s moduli 
for the polymers were calculated by Hertz’s 
equation and the values obtained were nearly 
equal to those obtained with the glass hemi- 
shpere (see Table I). It is, therefore, deduced 
that the contact between the steel hemisphere 
and the polymers are of the elastic nature 
just as in the case of the glass hemisphere. 
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Fig. 17. Relation between the cube of track 
width Daiiae and the load W 
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However, with PTFE, the cube of the di- 
ameter of indentation was not proportional to 
the load but the square of the diameter was 
proportional to the load at higher ranges of 
the load. Hence, with PTFE, the contact is 
rather of the plastic nature. On the other 
hand, the width of the grooved tracks pro- 
duced when the steel hemisphere slid smo- 
othly was observable with various polymers. 
Fig. 17 shows the relation between the cube 
of the track width and the load. It is seen 
that for all the polymers, except PTFE, the 
cube of track width is also proportional to 
the load. With the steel hemisphere, the 
shape of sliding contact is supposed to be 
nearly semicircular, because the rear part 
makes very little contact with the polymer 
surface on account of the non-recoverable 
deformation produced by the front part of 
contact. In addition, it is also assumed that 
no appreciable frictional heat is generated 
on smooth friction in which the sliding speed 
does not exceed 0.04cm/sec and accordingly 
the shapes at different loads are similar to 
one another. Therefore, from the result 
showing that the cube of track width is pro- 
portional to the load, it may be assumed that 
Hertz’s equation is to be modified for the 
sliding contact as 


RW 

Eagan 
where Daiae is the track width, Esiiae Corre- 
sponds to Young’s modulus and depends upon 
the sliding speed. The value of Esiae ob- 
tained from the graphs in Fig. 17 are shown 


Driae =6(1—o?) 


(2) 


Table III. 

Polymer | Esiiae (Kg/cm2) | Esiiae/E 
PVC 3.26106 | an et 
Polystyrene 2.4x104 | 12 
Nylon 1.4x 104 | 1.4 
Hizex 1.0104 tt 

1.6x 108 12 


Sumikathene 


in Table III. In this table, in order to com- 
pare Esiiae With Young’s modulus E shown 
in Table I, the ratios of Esia/E are also 
shown. This result shows that Eaiae is 
slightly larger than E and hence a reasonable ' 
one, because Esiiae is expected to corresponds 
to Young’s modulus observed at a short time 
of static contact. Therefore, the relation (2) 
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may be applicable to the sliding contact. 
From the above examination of the grooved 
_ tracks it is concluded that the deformation 
produced by the steel hemisphere is elastic 
in all the polymers except PTFE in spite of 
the generation of a marked non-recoverable 
deformation. 


§4. Discussions 


4.1 The effect of retarded elasticity of poly- 
mers on the sliding contact 


It is evident that the shape and area of 
sliding contact are closely connected with the 
retarded elastic behaviours of polymers. 
However, the load dependence of the area of 
sliding contact is usually same as that of the 
area of static contact. Since Hertz’s equation 
is applicable to the elastic contact of poly- 
mers, in a limitted range of time of loading 
the area of static contact is proportional to 
W?/?, where W is the load. On the other 
hand, the diameter of the semicircular front 
part where the hemisphere makes contact 
with the polymer surface in the sliding con- 
tact is proportional to W'/? as shown in the 
relation (2). Therefore, the area of sliding 
contact is also proportional to W’/* although 
the shape of contact is not a complete circle, 
provided the shapes of sliding contact at 
different loads are similar to one another. 
This was directly verified in the examination 
of the contact during the abrupt slip. It was 
also seen that the area of sliding contact is 
not proportional to W’/? provided the fric- 
tional heating occurs during the abrupt slip. 

The shape of sliding contact is always 
semicircular in the front part of contact but 
not in the rear part. The shape of the rear 
part of contact have relation to the retarded 
elasticity of polymers. Bueche and Flom’? 
predicted by their theoretical treatment of 
rolling friction the retardation time of poly- 
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Fig. 18. Diagram for calculating the retardation 
time. 
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mers would be determined from the shape of 
contact. From the shape of the sliding con- 
tact, it would be also possible to obtain the 
retardation time. To examine this, the fol- 
lowing simple analysis was made on the 
sliding contact. Consider a hard hemisphere 
with radius R, sliding at the speed v, on the 
material of which the mechanical properties 
are represented by the retarded elastic model 
shown in Fig. 18 (a). In this case, the spring, 
having a modulus constant, E and the dash- 
pot, having viscosity, 7, both resist defor- 
mation in the Z-direction. For simplicity, let 
us consider the contact in the vertical plane 
involving the centre of hemisphere and the 
sliding direction (Fig. 18(b)) and assume that 
the surface is flat on the front side of con- 
tact. In Fig. 18(b), the surface of material 
is represented by the solid line, FACBE, and 
the hemisphere makes contact with the ma- 
terial in the portion, ACB, where 7m and 72 
represent the sizes of contact in the front 
part and the rear part, respectively. On the 
portion, ACB, making contact, the following 
relation holds. 


(3): 


22 ae (12—x?) . 
We will now consider that the increasing 
compressive deformation in the Z-direction is 
suffered by the material during the passage 
through the portion AC and recovery sets in 
after the point C is passed over. Then, the 
rate of deformation in the Z-direction is given 
by 
dz _ 


52 OG v 
—~—-=—— x, 


A a OR 


The pressure / in the Z-direction is given by 


(4) 


peyip eilsy (E53) 


dt 
When (3) and (4) are substituted in (5), we 
obtain 


= (rita — Be. (6) 


In the place where the hemisphere loses con- 
tact with the material, the pressure must be 
zero. Hence, the size of the rear part of 
sliding contact, 72, is given by the value of 
x, when the right hand side of (6) becomes 
zero. The result is written as follows, 

fl coma 


; (Ce 
2re 


TU 
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where 7/E is replaced by the retardation time 
zt. The relation (7) shows that the retardation 
time is obtainable from the sliding contact. 
From the data obtained by the cinematograph 
and the instantaneous photograph, the sizes 
of sliding contact (71,72) were measured and 
by using the relation (7) the retardation time 
of polymers was calculated. The results are 
shown in Table IV with the ratio n/n. It is 
evident that the mechanical properties of 
polymers is not represented by the simple 
model as used in analysis. In addition, the 
deformation of polymer surface neighbouring 
the contact region was left out of considera- 
tion in the above analysis. However, it seems 
that the values of ct are reasonable order of 
magnitude for the retardation time of poly- 
mers. At least, this means that the sliding 
friction is closely connected to the deforma- 
tion of polymer surface. When more exact 
analysis is carried out, it is to be expected 
that more detailed mechanical properties of 
polymer surface will be determined from the 


sliding contact. In. such case, the use of 
Newton’s rings is very helpful. 
Table IV. 
Method 
Polymer rar, | ct (sec) |——____ 
| | 'Photo* Load 
Polystyrene 0.94 | 9.8x10-4 I 350 g 
Hizex | 0.88 | 1.3x10-1 C |350¢g 
Sumikathene! 0.44 | 3.010-2 I 113g 
REECE Oo Ta ec eOralOmA I 350 ¢ 
PAR ANS; 0.87 <i Om s € | 350 g 
Phenol resin) 0.96 | 3.7x10-4 I 7/522 


* [: Instantaneous photograph (abrupt slip). 
C: Cinematograph (smooth sliding). 


4.2 Mechanism of polymer friction 


The adhesion theory seems to be applicable 
to the friction between the glass hemisphere 
-and the polymers, because the frictional force 
is proportional to the area of contact. On 
the other hand, other experimental results 
seem to indicate that the friction of polymers 
is due to the deformation of polymer surface. 
When the hemisphere is pressed on the poly- 
mer, the surface neighbouring the contact 
region is deformed as shown in Fig. 19 (a). 
The wave-like deformation extends to a con- 
- siderable distance from the contact region as 
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compared with the radius of contact circle. 
Application of a tangential force increases 
the size of surface deformation on the front 
side of contact region and decreases on the 
back side as shown in Fig. 19(b). A similar 
deformation also occurs on sliding. The ex- 
perimental results also show that the polymer 
surface on the front of contact region is 
compressed downward as well as in the 
tangential direction, when the hemisphere 
starts to slip and is sliding on the polymer. 


Normal load 


ae 


(ay Polymer surface 


Normal load 


Tangential force 


mim 


Polymer surface 
(b) y 


Fig. 19. Deformation of surface of 
neighbouring the contact region. 


polymer 


Therefore, it is expected that the polymer 
surface neighbouring the contact region plays 
an important part in the resistance against 
the slip of hemisphere. When the deforma- 
tion of surface resists the slip, it is not 
suprising that the hemisphere starts to slide 
very slowly without the abrupt slip when a 
tangential force smaller than the maximum 
static frictional force is applied. If we as- 
sume adhesion occurs and strong junctions 
are formed at the contact region, it will be 
difficult to explain this slow sliding. When 
the applied tangential force is increased, the 
polymer surface at the back side becomes 
depressed. When the depression is very 
large, the hemisphere loses contact with the 
polymer surface at the rear and then the 
area of contact decreases. In this case, the 
large elevation of surface at the front side 
resists the slip although the area of contact 
is small. This explains the changes of the 
shape of static contact observed in the cine- 
matograph shown in Fig. 7. The result that 
the frictional force per unit area of contact 
f is closely connected with Young’s modulus 
of polymers may also indicate that the friction 
is due to the deformation of surface. On the 
other hand, it is very doubtful that adhesion 
occurs in elastic contact. For example, on 
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the basis of the adhesion theory, the area of 
true contact must be about 40 percent of the 
area of apparent contact circle in order to 
account for the frictional resistance between 
the glass hemisphere and PMMA. This im- 
plies that adhesion occurs at the true contact 
region under the contact pressure of about 
1/20 of the bulk yield strength when the 
load is of 100g. However. It is difficult to 
suppose adhesion occurs at such a low pres- 
sure as compared with the bulk yield strength. 
It was observed that the frictional force 
obtained with the steel hemisphere was not 
proportional to the area of contact. This 
must be attributed to the production of a 
grooved track. Since the contact depth of 
the steel hemisphere is larger than that of 
the glass hemisphere, the elevation of the 
surface will be also large. Therefore, it may 
be considered that when the polymer is com- 
pressed underneath the steel hemisphere the 
deformation is non-recoverable, and results 
in the grooved track. In fact, examination 


indicates that the grooved track is produced ° 


‘with a little displacement from the front of 
the hemisphere. Assuming that the polymer 
‘is ploughed out from all the front of the steel 
hemisphere and this contributes to the friction 
in such a way as dealt by Bowden", the 
‘coefficient of friction #, produced by the 
ploughing is given by 
wb Sib: 

faa a heae 
where S is the pressure required to displace 
the polymer and is of the same order as the 
bulk yield strength, E and o is Young’s 
‘modulus and Poisson’s ratio of the polymer 
‘respectively. Since the value of S/E is 
-estimated to be of the order of 10-*,'* the 
-estimated value of 4» is considerably smaller 
than the coefficient of friction measured in 
‘the experiment. This points out that the 
‘friction with the steel hemisphere can not be 
explained by the adhesion theory. From the 
-above considerations, it is natural to conclude 
that the friction of a polymer is due to the 
tangential resistance produced by the defor- 
-mation of its surface neighbouring the contact 
region rather than by the shearing of the 
junctions formed at the contact region. 


(8) 


‘$5. Conclusion 
From the observation of the deformation 
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and friction in the static and sliding contact 
between a flat plate of various polymers and 
two hard hemispheres of different radii, the 
following conclusions are drawn. 

1) Hertz’s equation for elastic contact is 
applicable to polymers. In a wide range of 
time of loading, Young’s modulus in the 
equation is also dependent upon the load as 
well as the loading time. The diameter of 
the semicircular front part in which the hemi- 
sphere makes sliding contact with the poly- 
mers is also expressed by Hertz’s equation, 
although Young’s modulus loses the usual 
meaning. 

2) The shape of sliding contact region is 
divided into two types. One is attributed to 
the retarded elasticity of polymers and the 
other to the frictional heating. From the 
theoretical treatment of the former case, the 
retardation time is obtainable for polymer. 

3) The frictional force is proportional to 
the area of contact provided no grooved track 
is produced. When the grooved track is pro- 
duced, this experimental relation does not 
hold. However, the production of a track is 
mainly caused by the non-recoverable defor- 
mation and hence the polymer is a little 
ploughed out from the entire front of the 
hemisphere. 

4) The friction of a polymer may be due 
to the tangential resistance produced by the 
deformation of polymer surface neighbouring 
the contact region. Wave-like deformation 
takes place on the polymer surface neighbour- 
ing the contact region. During the frictional 
process, the deformation increases on one side 
of the contact region and decreases on the 
other side and in this way the polymer sur- 
face produces the tangential resistance. 

5) In applying the tangential force smaller 
than the maximum static frictional force a 
very slow slip occurs instead of the abrupt 
slip. 
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The line shape, line width and other properties of self-absorbed line 
are discussed by introducing several models on the spatial distributions 
of the emitting and absorbing atoms. The simple models in which the 
emitting atoms decrease linearly from the center to the outside proves 
to be sufficient to explain the general views on the self-absorption. The 
shapes of the visible triplet lines emitted by Hg19 and Cd'!4 lamps are 
observed without being disturbed by hyperfine structure of isotopes 
using a direct recording Fabry-Perot interferometer. From these obser- 
vations, the effect of self-absorption of these lines is made clear and is 
shown to agree well with the results theoretically obtained. Moreover 
it is found that Hg!9* and Cd!!4 lamps can be approximately represented 
by the model in which the emitting atoms decrease linearly from the 
maximum at the center to zero at the wall. The values of absorption 
parameter evaluated are able to be explained consistently, taking the 
population and decay time of the triplet states and their quenching due 
to collisions with carrier gas and electrons into consideration. 


$1. Introduction and so on. In addition to these primary 


The broadening of spectral line has been 
studied by many authors such as Michelson, 
Lorentz, Holtsmark, Margenau and others 
from both of the classical and the quantum- 
mechanical standpoints, and the causes of 
the broadening have been classified into the 
Doppler width, natural width, resonance 
width, pressure broadening, Stark broadening, 


causes, however, the secondary effect due to 
the self-absorption is also thought not to be 
small, especially for the lines which have | 
the metastable or the ground state as the | 
lower level. | 
Among a number of papers which deal 
with the intensity of spectral lines and their | 
absorption, there are several papers which 
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deal theoretically with the self-absorption 
problem. However, their treatments are 
limited only to two special cases; a homo- 
geneous light source (Burger and van Cittert!) 
and the light source with the emitting center 
only along its central axis (Cowan and 
Dieke”). In this paper, several problems of 
the self-absorption effect in the more general 
case are discussed by introducing several rea- 
sonable models. 

In the previous reports®)-») on the spectral 
lines of Hg! and Cd!!* which were a part 
of the study of the unit of length, the pre- 
sent author reported that the visible triplet 
lines emitted by Hg!** and Cd!* electrodeless 
lamps were easily subjected to the self-absorp- 
tion. The further development of these ob- 
servations will be described in detail in §3 
to verify the reliability of the present treat- 
ments of the self-absorption. 

The error resulting from the self-absorp- 
tion is Serious, when the concentration of a 
particular element is estimated by the rela- 
tive line intensity, or when the high tem- 
perature of plasma must be estimated from 
the line shape and its half-width. However, 
the line affected by self-absorption gives a 
possibility of revealing the spatial distribution 
and density of atoms (or molecules), which 
emit or absorb the radiation in the source, 
and the mean life of atoms in the lower 
state. 


§2. The shape of self-absorbed spectral 
lines 


2.1. The radial distribution of emitting 
and absorbing atoms 

At first, let us assume that atoms are ex- 
cited symmetrically to the axis of a cylindri- 
cal tube of radius R and that the radiation 
is emitted only to the direction perpendicular 
to the tube axis. To discuss the shape of 
self-absorbed line, the information on the 
radial distributions of emitting and absorbing 
atoms: (7) and 2,(7) is indispensable. 
Hitherto, the following two simple special 
cases have been discussed by several authors; 

a) The uniformly excited source in which 
the excitation is homogeneous. The typical 
examples are a flame source and a discharge 
tube of suitable design. 

b) The source having emitting and absorb- 
ing atoms spatially separated: all the emit- 
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ting atoms are concentrated in ‘the center (or 
around the central axis) while all the ab- 
sorbing atoms are distributed outside this 
region, for example, an arc. 

In actual sources an intermediate state 
between a) and b) will be the case. For 
this reason, Cowan and Dieke?) introduced a 
parameter ” to indicate the states of excita- 
tion-decrease from the center of the source 
to its outside; #=1 corresponds to the prece- 
ding special case a) and m=co, to the case b). 
The authors derived a formula expressed in 
an infinite series for the shape of self-absorb- 
ed lines in general. However, not only their 
assumption has poor ground for actual sources 
but also the numerical evaluation of their 
formula is complicated and troublesome, al- 
though a possible approximate expression of 
their formula was discussed by Preobrazhen- 
ski® et al. 

Before a possible and practical assumption 
on (7) and m.(r), especially for a discharge 
tube, is given, the radial distribution of 
electrons “(7) is to be discussed. On this 
point, Schottky” discussed the electrical field 
in the homogeneous positive column of a 
low pressure discharge (about 0.1-10 mmHg), 
and showed theoretically that me(v) can be 
given by the following relation: 


ne(r) =NoJo(2.4 r/R) , (221) 


if A<R, where 2 is the mean free path 
length of electron and jo represents Bessell 
function of order zero. In order to calculate 
the radial force approximately, Townsend® 
assumed that the number of electrons at the 
wall of the tube was half of the number at 
the axis, that is, 


ne(r)=Nofo(1.52 7/R) . (2.2) 


Emeleus and Burns) showed that the con- 
centration of electrons fell off parabolically 
from the maximum value at the axis to zero 
at the wall, that is, 
2i(8mkT/n)'/? 

TR eA 
where i represents the current through the 
tube and E, the longitudinal electric field in 
the tube. 

On the other hand, Yarnold and Holmes’? 
showed experimentally that me(v) is given by 
the following expression, which is approxi- 
mately close to Schottky’s formula, 


Ne(1) = OSS hie (2.3) 
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ner) =NoJo(2.2 7/R) 


for a low pressure discharge (about 0.5-lmm- 
Hg), and that the electrons are apt to be 
centralized as the gas pressure increases. It 
is noticeable that (vr) coincides with (7), 
which was obtained from their experiment. 

On the bases of these theories and experi- 
ments, the nine models of light source, of 
which we(7)’s are taken to have similar form 
to u-(r)’s as shown in Fig. 1, are chosen and 
used for all following discussions. 

The curves 1 and 2 show the above men- 
tioned two special cases a) and b) respective- 
ly; the curves 4 and 7 (Eq. (2.2)) illustrate 
the cases in which the number of emitting 
atoms at the wall of the tube become half 
of the number at the axis; and the curves 3, 
60(EqiaQ:l)) sands 9i(Equ(2.3)), othe casesmin 
which the number of emitting atoms becomes 
just zero at the wall of the tube. The 
curves 5 and 8 illustrate the cases in which 
the positive column of discharge is restricted 
within R/2 as may be seen in a high pres- 
sure discharge. 


Fig. 1. The radial distribution of emitting atoms 
for the nine models discussed in this paper. 
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On the other hand, the curves 6, 7 and 8 
i lustrate the models in which the decrease of 
the number of emitting atoms from the cen- 
ter to the outside are expressed by zero order 
Bessell functions; the curves 3, 4 and 5, by 
linear functions (as a first approximation); 
and the curve 9, by parabolic function, re- 
spectively. 

The radial distribution of absorbing atoms 
ni(r) is not always independent to that of 
emitting atoms. In most lines easily subject 
to the self-absorption, however, the mean 
life of absorbing atoms in metastable (or 
ground) state is far longer than that of 
emitting atoms in a upper excited state, so 
that the absorbing atoms may be diffused 
uniformly in the tube. In the following sec- 
tions the shapes of self-absorbed lines are 
discussed by assuming that m:(7v) is constant, 
and in §2.5 some considerations will be given 
for the case in which ma(v) is not constant. 


2.2. The shape of self-absorbed line 

In this section, only the radiation passing 
through the center of the tube is consider- 
ed. The radiation energy in an interval dr 
iS proportional to the density of the emitting 
atoms existing in this interval and depends 
on the spectral distribution of the emission 
line feu). Thus the energy can be given by 
the expression: /fe(z)ne(r)dr, where u is v— 
vo, and » is the central frequency of the 
line. The absorption of the radiation pass- 
ing through the tube depends on the total 
number of absorbing atoms between 7 and R, 
and on the spectral distribution of absorp- 
tion line fa(uw). For the sake of simplicity, 
feu) and fa(w) are assumed to be unity and 
independent ‘to 7, ‘if w=0; ze) f.00)=f20)=1. 
Since the intensity of radiation emitted in 
an interval dr and leaving the wall of the 
tude is proportional to 


Efeu)ne(r)dr-exp < A fale)\ d Na(V) ar) ; 


the total intensity distribution is given by 


MG= | 1 Ehiabined?) exp ‘ Afa ag |" maridr lar J 


(2.4) 


Under the restriction that ,(7) is constant in the tube, Eq. (2.4) is reduced to 


if Fol) 
I son 
(u) 3 


| 1 He(%) 
ail Ne(O) 


exp {—pfa(u)(1—x)}dx 
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x=7/R, I=En(0)-2R, p=Andr)R, (2.6) 


where p is identical with the quantity introduced by Cowan and Dieke. It may be seen that 
the intensity of the radiation of ») is reduced to e-! for p=1 and hereafter, the degree of 
self-absorption is indicated by p. 

i) The two special cases. 


Case 1. (Fig. 1. Curve 1.): If (r) is constant, Eq. (2.5) is reduced to 


Io Fe(u) 
I(u)=— —— {1—exp (—2pfa ? 
As Cowan and Dieke pointed out, it is important for Eq. (2.7) that m(r) and ma(r) are not 
necessarily constant, but the ratio m(7)/m.(7) must be constant. 
Case 2. (Fig. 1. Curve 2.): If (rv) is not zero only at r=0, Eq. (2.5) is reduced to 


T2(u) =I fe(u) exp (—pfa(u)) . (2.8) 


It is noticeable here that Eq. (2.8) is independent of ,(7), and also applicable to the case in 
which the tube for absorbing atoms is separated from the one for emitting atoms. 

ii) The linear distribution. For the sake of mathematical simplicity, the density of the 
emitting atoms is assumed to decrease linearly from the center to the wall of the tube, as 
illustrated by curves 3, 4 and 5 in Fig. 1. 

Case 3. (Fig. 1. Curve 3.): If m(r)=m(1—|x|), Eq. (2.5) is reduced to 


had= se tl exp (—pf.(w)). (2.9) 


Case 4. (Fig. 1. Curve 4.): If m(r)=m(1—|x|/2), Eq. (2.5) is reduced to 


Kwa FO 61 = exp (— pfs) p+ 2- OC exp (=2 pfalw))} 


Ap? fa(u)? Ap falu) 
=F (hu) + hw) (2.10) 
Case 5. Fig. 1. (Curve 5.): If m(v)=mo(1—2|x|), Eq. (2.5) is reduced to 
, Io felt) eSRs 2 Pap: : 
Is(u)= PFU)? {! exp ( 5 Jat) )t exp { F-Fa(u) } : (2-11) 


iii) Jo distribution and parabolic distribution. 
Case 6,7, 8. (Fig. 1. Curves 6,7, 8.): If m(v) is expressed by Jo functions as shown by 
the curves 6,7, and 8 in Fig. 1, J(u) is given by the following equation; 


brat iee |" Jo(cx) exp{ =f. —nfalx)}dx , (2.12) 


where c=2.4, 1.2 and 4.8, respectively. 
Case 9. (Fig. 1. Curve 9.): If m(7)=mo(1—x*), Eq. (2.5) is reduced to 


) = tofu) —2Lpfa 1)—2]. De No} 
ha) =< ei (2? 2pfa(u))+1)(bfatw) +1) | (2.1) 


To compare the effects of self-absorption in ly, and that both f-(u) and fa(u) are Doppler 
these nine cases, several numerical evalua- distribution or Lorentz distribution. Both 
tions of Eqs. (2.7)~(2.13) were carried out. these distributions are typical ones in spectral 
These line shapes, when p=2, are shown in lines. Doppler distribution is predominant in 
Fig. 2, assuming that fe(w) is identical with a source of low pressure and high tempera- 
fa(u), which is the valid assumption practical- ture, and is expressed by 
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fol) = fale) = exp (= eee A ead 
where 6p is half-width. On the other hand, 
Lorentz distribution represents the shape of 
line affected by such causes as natural width, 
resonance width, and pressure broadening, 
and is expressed by 


fel) =falt)=1 i 4 +g) | 


where 6z is half-width. Some numerical 
calculations of Eq. (2.12) were carried out by 
means of an electronic computer. 

Moreover, the line shapes in the Case 3 for 
several p’s are shown in Fig. 3. The com- 
parison of the curves in Figs. 2 and 3 dis- 
closes the followings. 


D 


(2.15) 


@) 
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Fig. 2. Line shapes for Doppler distribution (a) 
and Lorentz distribution (b) when p=2. 
numbers are coincide with that of Fig. 1. 


Curve 


(b) U78e 


Fig. 3. Line shapes with various p for Doppler 
. distribution (a) and Lorentz distribution (b) in 
‘the Case 3. 


--1). The shapes of self-absorbed lines are 
distinguished from ‘others in the neighbour- 
hood of the central frequency, but coincide 
at the tail. 

2) The degrees of the intensity reduction 
and the self-reversal increase with the cen- 
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tralization of the emitting atoms. 

3) When the line reverses, the maximum 
value of J(u) is independent of p in every 
case. 

4) For the spectral line with Doppler dis- 
tribution the line broadening with p is not so 
large, while for the line with Lorentz distri- 
bution, the broadéning is considerably large, 
especially at the both wings of the line. 

Some of these conclusions are identical 
with the results derived by Cowan and Dieke. 


2.3. The increase of half-width for unre- 
versed line 

For p smaller than 0.6, the shape of line 
with self-absorption can hardly be distingui- 
shed from the one with no self-absorption 
without a detailed observation. In order to 
determine fp for unreversed line, the relation 
between the increase of half-width and p is 
useful. Fig. 4 shows the curves represent- 
ing the increase of half-width with p for each 
of m-(7v) of the three cases. The curves for 
all other cases lie between the corresponding 
curves. It is noticed in Fig. 4 that the in- 
crease of half-width for Doppler distribution 
is slower than that of Lorentz distribution 
for all cases, and that the increase is faster 
for the states that have larger centralization 
of emitting atoms for each of these two dis- 
tributions. 


® 


Lorentz 


0.5 I 1.5 2 Zo 


Fig. 4. The increase of half-width with » for 
typical cases of n,(7). 


2.4. The evaluation of the degree of self- 
reversal 

Except the Case 1 (the uniformly excited 
source), the spectral lines always reverse, 
when p exceeds 1, as shown in Fig. 3. The 
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degree of self-reversal is evaluated by the 
two following factors, 

1) the wave number (or wave length) se- 
paration corresponding to two side maxima: 
Amax, 

2) the ratio of the central minimum to 
the side maximum: J(0)/Jmax. In the Case 2 
(Eq. 2.8.), Imax for Doppler and Lorentz dis- 
tributions are given by the following equa- 
tions, respectively, 


Fig. 5. The relation between dmax and p for 
_ typical cases of n-(r) for Doppler distribution 
(solid line) and Lorentz distribution (dotted line). 
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® 
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Fig. 6. The relation between J(0)/Imax and p for 
typical cases of 7,(r). 
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Amax =d0V/1n p/V1n 2 ) 
and (2.16) 
Amax= OnV p—-1 s 
For typical cases of m.(r) the variation of 


4max versus p is given in Fig 5. 

Because J(0)/Jmax is independent of the 
spectral distribution f(z), this ratio is more 
useful than Jmax, for the evaluation of the 
degree of self-reversal. The curves of J(0)/ 
Imax are plotted against p in Fig. 6 for typi- 
cal cases of n(r). All asymptotic lines of 
these curves are focused nearly on a point. 
This fact indicates that the effects of self- 
absorption in the Case 3, Case 4, --- Case 9 
should be nearly identical with the one in 
the Case 2, if the values of p’s of the former 
cases are replaced by ap, where @ is an 
appropriate number less than unity (above 0.6 
for Case 3), and these curves seems to make 
clear the meaning of the Cowan and Dieke’s 
conclusions which were given with somewhat 
ambiguous expression only for some special 
cases. 


2.4. The self-absorpton in off-centered light 

Hither-to the discussions were devoted 
only to the light passing through the center 
(A in Fig. 7.). In this section, the off-cen- 
tered light (B in Fig. 7) is considered. 


Fig. 7. 


At first, in Fig. 7. the ratio of the inten- 
sity of the light B to that of the light A: 
Th/Io is formulated for the line with no self- 
absorption. This ratio is useful to obtain 
the distribution of emitting atoms .(r) from 
observed curves,. when (7) is expected to 
be the same for all lines. In general, In/Jo 
is given by the relation: 


(2.17) 


Eq. (2.17) is reduced to the following equations according to the various cases of m(7), 
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ep loreal eVI-B (2.18) 
0 
Ins _ 4 /T Hee pe (2.19 
for Case 3, 7, =Y1—h?+ h? log ———= ee he ; 2.19) 
2 2 Vix h <. Z 2 20 
for Case 4, =Y1—h? + 5 log lyre? (2.20) 
for. Case 5 tie Way doe for SOS nee (2.21) 
y To 1+V/1—4h? 2 
= (j for lias A 
I V 1-7? i 
for Cases 6, 7, 8, ae Io (cV h? +x?) dx /\ Io(cx)dx , | 
0 ) 0 | 
Where C=2.450l- 2 esos (2:22) a 
and 
Gor Cae “it = =(1—h2)*/? ; (2.23) 
0 


where h is expressed taking R as unit. These relations are shown in Fig. 8. It is seen 
that the differences between the curves 3 and 6; 4 and 7; 5 and 8; and6and 9 are almost 
indistinguishably small. 


es 
NX 
a 
0.5 
0 | O 2 
(a) —u/38p (b) —=u/8p 
fo) 
Fig. 9. Line shapes of off-centered light in the 
Fig. 8. Radial intensity distributions for various Case 3 (a) and Case 1 (b) for Doppler distri- 
cases of n,(r) without self-absorption. bution (p=2). 


Now, the line shape of the self-absorbed line in the off-centered light is given by 


Von ——— | 

Th fe aie AV h? +x? —_ 1) 

Ini) = AIK | MeV hi + x?) exp {—pfa(u)(/1—h? —x)}dx ; (2.24) | 
2 Vers ne(0) | 

=; 1-h 

instead of Eq. (2.5) for the centered light. Eq. (2.24) is reduced to the following equations 


according to the various cases of 7.(r). 


Case 1, Iulu) = IE 1 exp (—2p/wV T=). PES || 


Ins(u) is identical in the form to (uw) if p is replaced by pV/1—h? (see Eq. (2.7), 
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Gasegi. Faye Ths fe ep 1—exp (— 2pfaluyV 1- -h) 
pPfalt) 
- Ve 
—exp (—pfalu) /1 —h®) Vl £22 exp ( pfalu)x) ax| (2.26) 
= ies 


where the first term is identical with Eq. (2.25) in Case 1. 
the second term were carried out by means of an electronic computer. 
=2 are shown in Fig. 9. 


and Jns(u) at h=0, 0.25, 0.5 and 0.75 when p 


Some numerical evaluations of 
The shapes of Ini(u) 


For Case 4, Jus(w) is the same as Eq. (2.25) except that the second term is multiplyed 


DY" Usb: 
Case 5, Ins(u) = Bape os es 2b VUE ht) xp (— Pfalw /+-%) 
x — 2V h? + x? exp (pfalwx Jax | exp { —pfalu)(VI-F —h? — jaar h? )k 
for 0<h<= ; 
me for i> (2.27) 


Case 9, Tna(t) 


Db? fa(uy® 


The formulas for the Cases 6, 7, and 8 were 
omitted because of the difficulty of their 
analytical calculation, ‘but general tendencies 
of these cases will not differ much from the 
Cases 3, 4 and 5, respectively. 


2.5. Several remarks 

Through these discussions, it is shown that 
the simple models, in which the emitting 
atoms decrease linearly from the center to 
its outside in the light source while the ab- 
sorbing atoms are constant in number, are 
sufficient to explain the general views on the 
properties of self-absorbed lines above men- 
tioned. 

In actual cases the absorbing atoms are 
not always uniformly distributed. In the ex- 
treme case, however, in which the distribu- 
tion of absorbing atoms coincides with that 
of emitting atoms, the line shapes are identi- 
cal to that of the Case 1 (Eq. (2.7)) as is 
remarked there. Thus now, the problems 
remain unsolved for the models in which the 
absorbing atoms are distributed more widely 
than the emitting atoms, but not completely 
uniformly. However, the effect of self- 
absorption for these models may be deduced 
from the preceding discussions. For exam- 
ple, the line shape for the model in which 


= Bel ( pf T=12-+1 {exp ( — 2bfa(wV1—Kt) +1) — i: 


(2.28) 


the emitting aa ebeorbiae atoms are we 
tributed as the curves 3 and 4 in Fig. 1 may 
be approximately given by Eq. (2.10) in the 
Case 4 in which the emitting and absorbing 
atoms are distributed as the curves 4 and 1 
in Fig. 1. 


§3. Measurements of the spectral line shape 
and its half-width 
3.1. Direct recording Fabry-Perot inter- 
Ferometer 


The direct tracing of spectral line shapes 
on a linear scale was carried out by the 
pressure scanning type Fabry-Perot interfero- 
meter of which characteristics were reported 
by the present author in Japanese.’ The line 
to be measured is separated from other lines 
by a monochromator and is let to pass 
through a Fabry-Perot etalon in an air tight 
vessel and the image of exit slit of the 
monochromator is focussed on the screen with 
a pin-hole so as to build a concentric ring 
interference pattern. The light from the 
center of the interference pattern passes 
through the pin-hole and strikes the photo- 
cathode of a highly sensitive photomultiplier 
(EMI 6256B). The output of the photomulti- 
plier is amplified and supplied to a pen recor- 
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der. By changing the pressure of air in the 
etalon vessel, the refractive index of the air 
between the interferometer plates can be 
changed and therefore, the wavelength of 
the light at the center of the interference 
pattern can also be varied with time. Since 
the change of the refractive index is linearly 
proportional to the pressure of air and the 
rate of leakage of air is almost constant at 
low pressure, the intensity distribution of 
the interference fringe of consecutive orders 
will be recorded in an equal distance as 
shown in Fig. 10. Therefore its apparent 
half-width 6 is obtained readily by compar- 
ing it with the interference fringe separation 
Av. Since the 50mm etalon was used in 
Fig. 10, 4» is 0.100 cm~ and then 6 is deter- 
mined to 0.0224cm-. 


Fig. 10. An example of recorded shape of 45461 
emitted by Hg! lamp at 0°C. Spectral range 
Ay: 0.100 cm-!, half-width 6: 0.0224 cm-!. 


Since the apparatus half-width of the Fabry- 
Perot interferometer decreases rapidly with 
the increase of the reflectance of the inter- 
ference plates, the dielectric reflecting films 
having a reflectance of more than 90% fora 
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range covering over 1000A were used on the 
plates. Three reflecting films of suitable 
coating suffice to cover the visible region, 
but an appropriate choice of them is neces- 
sary in accordance with the wavelength of 
line to be measured. The etalons have spa- 
cers of 62.5, 50 and 40mm. Under these 
conditions the apparatus half-width is esti- 
mated to be about 0.002cm~- (less than 1/10 
of the measured line width), and this was 
checked by preliminary observations‘) using 
the various spacers. The true half-widths are 
computed using a similar method' to Bur- 
ger and van Cittert’s!”. Moreover, careful 
considerations should be given to the scan- 
ning width due to the aperature size of the 
pin-hole disk, the imperfection of parallelism 
of the interference plates, the error in cCen- 
tering of the interference fringe pattern in 
the pin-hole disk, the asymmetry of the ob- 
served line shape due to the scanning speed, 
the intensity fluctuations of the light source, 
and the non-linearity of response of the 
photomultiplier. 


3.2. Measurements on the triplet line of 
Hg 

The spectrum of Hg'®* obtained from neu- 
tron-irradiated gold was first observed by 
Wiens and Alvarez and the electrodeless 
Hg'®* lamp, so called “ Meggers lamp”, was 
developed by Meggers and others (1950). 
In the preliminary reports’), the present 
author showed that the Hg!* lines, especially 
the visible triplet lines, are affected marked- 
ly by self-absorption. As the observations of 
the shapes of these lines can be made with- 
out being disturbed by hyperfine structure of 
Hg isotopes, these lines are convenient for 


Table I. Half-width of the 2 5461 line of Hg198, 


Observed half-width 
Tanke oe ae Carrier gas (x 10-3 cm-?) oe of ee 7 
H = absorption evaluate 
(mg) Cone) ie 20°C at 20°C 
GEC (Cay) argon 0.25 V5 26.0 1 33) 
No. 7 0735 argon 3 1953 23.4 0.53 
NBS (83) argon 3* | 20.3 22.0 0.22 
No. 2 0.2 argon 4.8 | 19.8 23.6 0.47 
Baird 0.2 (argon 10) | 21.8 22.5 0.08 
No. 4 0.2 argon 8.9 21.0 22.0 0.13 
No. 3 0.3 neon 4.8 | LAST 20e0 een 


* NBS lamp has been used extensively for several years and the observation of half-widths of this 
lamp show that its pressure of the carrier gas at present may be higher than 3 mmHg sid 
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‘the study of self-absorption, taking the 
theory given in §2 into consideration. For 
this purpose the following lamps and lines 
were used. 

i) Tested lamps: In this measurement 
the three foreign lamps and several lamps* 
made in this laboratory’ were used. One 
of the former was presented from National 
Bureau of Standards of U.S.A. and the other 
two were made in Baird Co. and General 
Electric Co. The amounts of isotope and the 
pressure of carrier gas in these lamps are 
shown in Table I. But for the foreign-made 
lamps, both of these two quantities are 
unknown and their estimated values are 
bracketed. All these lamps are electrodeless 
type, about 10-15cm in length and about 5- 
6mm in inner diameter, and they are excit- 
ed by a high frequency oscillator (60 MHz, 
100 W) in a water jacket. The temperature 
of cooling water was maintained at about 
mee .or.20°C. 

ii) 45461 line: The lower level of the 
green line of Hg, 25461 (6°P,—7°S:) is a 
metastable state and the large effects of self- 
absorption are expected. An example of ob- 
served line shape of 25461 at O°C is shown 
in Fig. 10. The observed half-widths at 0°C 
and 20°C for several lamps are given in 
Table I and their curves plotted against 
pressure of carrier gas in the lamps are 
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Fig. 11. The variations of the half-width (0) and 
evaluated value of p with the pressure of argon 
(0) and neon (A) in Hg!8 lamps for 45461. 


* These lamps are numbered. Its isotope Hg! 
is prepared by the Atomic Energy of Canada 
Limitted and its composition measured by mass- 
analysis is reported to be Hg! of 98.74%, Hg!% 
of 1.49%, Hg2 of 0.07% and the sum of rests of 
less than 0,01%, 
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shown in Fig. 11. 

The curves in Fig. 11 show that as the 
pressure of argon in the lamp increases, the 
line width of 25461 increases at 0°C, but de- 
creases at 20°C. Though the detail of the 
analysis of these behaviours of the line width 
will be published later, the conclusions will 
be summarized as follows. 1) The observed 
minimum value of the line width at 0°C for 
the GEC lamp with argon of pressure less 
than l1mmHg is found to be 0.0173cm-! 
which is proved to be the sum?” of the Dop- 
pler width: 0.0153 cm-! and the Lorentz type 
width: 0.0035cm-!. The increase of the line 
width at 0°C with that of the pressure of 
argon is thought to be purely due to the pres- 
sure effect broadening, because the increase 
of the former is proportional to the pressure. 
This is confirmed from the measurements of 
the shift of the wave-length accompanied 
with the pressure effect broadening. 2) The 
difference in width between at 0°C and 20°C 
for each lamp is attributed to self-absorption 
discussed in previous sections. 3) The fact 
that the No. 3 lamp with neon of 5mmHg 
has the same tendency as the GEC lamp with 
argon of less than 1 mmHg proves the weak- 
er pressure effect of neon. The degree of 
self-absorption p of the 45461 line for these 
lamps are obtained referring to the theoreti- 
cal curve (the Case 3) in Fig. 4, and given 
in the last column of Table I and in Fig. 11. 

iii) 44358 and 24047 lines: The line shapes 
and their half-widths of the rest of visible 
triplet of Hg, 24358 (6°P:—7*S:i) and 24047 
(67P)—7°S:1) were also measured. For these 
lines, the differences in the half-width 
between at 0°C and 20°C are not so large as 
for 45461. Even for the GEC lamp which 
was most seriously affected by self-absorption, 
the evaluated values of p’s of 24358 and of 
24047 are about 1/5 and 1/3 of the value of 
45461 respectively as shown in Table II. 


Table II. Observed half-widths (@) and degree of 
self-absorption (p) at 20°C for the visible tri- 
plet lines of Hg!98 (GEC lamp). 


| 6 (x10-8cm-?) 


(ol eae = Soe ga Ee 
Pe OC alag 20°C 
5461 ise 60 8 
| 
4358 24.4 | 26.9 0.26 
4047 2914) | 
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iv) End-on view: When the lamp is ob- 
served by end-on view, the path of light in 
the tube is more than 10 times as long as 
that of side-on view, so the degree of self- 
absorption increases markedly. The output 
intensity of the 25461 line is weakened con- 
siderably and the 24358 line is about to self- 
reverse. The evaluated values of p’s are 


for 45461 p>s 
for 24358 p=1.0~1.2 
for 24047 p=Wes—2.5 


respectively, and the ratio of these p’s is 
nearly equal to the one in Table II. 

3.3. Measurements on the triplet lines of 
Ca. 

In the visible region of Cd spectrum, there 
are four intense lines, namely, the red line 
26438 which is well known as the primary 
standard of wave length in spectroscopy, and 
the triplet lines 25086 (53P2—6°S:), 24800 (5°Pi 
—6°S:) and 24678 (5°P)»—6S:). The visible 
triplet lines of Cd'!* are affected markedly 
by self-absorption and are suitable for the 
investigation of self-absorption on the same 
reason as those of Hg!*’. 

i) Tested Cd'!* lamps: Several electrode- 
less lamps with Cd'!!* isotope were prepared 
in this laboratory'®. The isotope was obtain- 
ed by reducing the Oak Ridge’s Cd''* 0 with 
hydrogen, its isotopic purity being published 
to be 98.2%. These lamps are heated to 250 
~360°C by a small heater and excited by a 
60 MHz high frequency oscillator. As the 
dependence of self-absorption on pressure 
and nature of carrier gas for Cd'!* lamp is 
similar to the one for Hg’ lamp, the detail- 
ed observations were made for a lamp which 
was similar to the above mentioned Hg!% 
lamp and contained the Cd'"* isotpe of about 
7mg and neon of 3mmHg. 

ii) Temperature dependence of self-ab- 
sorption: As the temperature of Cd lamp 


Table HI. The theoretical Doppler- and the observed half-widths for 
the visible triplet lines of Cd114. 


| 
| 
| 
| 


can be varied more easily than that of Hg } 
lamp, the temperature dependence of self- 
absorption of Cd!!* lamp can be observed in | 
detail. The shapes of the 25086, 4800 and 
4678 lines were observed at several tempera- 
tures between 250 and 360°C under the same 
experimental condition except the lamp tem- 
perature, and a typical example of recorded 
shape of 25086 is shown in Fig. 12. It is 
seen that the temperature dependences of 
the line intensity and the line shape differ 
from each other. The 45086 line has a near- 
ly constant imtensity for this temperature | 
range, and this fact agrees well with the 
theoretical consideration in §2 (see Fig. 3). | 
The degree of self-absorption of the 25086_ 
line is the largest while that of the 24678 
line is the smallest among these three lines. 


al AM 


260°C 280°C 290°C 320°C 350°C 


Fig. 12. Recorded shapes of 45086 line for Cd™4 
lamp at several temperatures. 


On the other hand, the temperature depend- | 
ence of the intensity of the 24800 line is the. 
largest and its maximum intensity is ob-. 
served at about 300°C and it is several times | 
as intense as the ones at 250 or 350°C. 

Every reversed line in Fig. 12 shows some | 
asymmetry in shape and the maximum height | 
of longer wave-length side is higher than the | 
order side. If it is assumed that the shift 
of the absorption line is slightly less than 
the shift (about 0.002~3 cm-') of the emission | 
line which increases with the temperature or 
vapour pressure of Cd, this asymmetry can | 
be explained. | 


In Table III, the theoretical Doppler width | 


4 Theoretical Doppler width (x 10-3 cm!) Observed eon Woottemes) ] 

a (A) i : om ee 
250°C | 300°C 350°C 250°C | 300°C 350°C 

5086 | 30.1 31.4 | 32.8 36 reverse reverse 

4800 SIs Sono | 34.8 34 67 reverse 

4678 O2n 34.2 35.8 34 64. reverse 
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and the observed widths at 250, 300 and 
350°C for the visible triplet lines of Cd'!* are 
shown. The former values were obtained 
under the assumption that the inner tempera- 
ture of the lamp was identical with the sur- 
rounding temperature. The agreement of 
the theoretical Doppler- and the observed 
widths at about 250°C, which is the lowest 
temperature for the emission of Cd line, sug- 
gests that only Doppler effect are significant 
for the line broadening at this temperature. 
However, the increase of the observed half- 
widths with the lamp temperature are more 
than 10 times as large as that of the Doppler 
width, so this is considered to be due to the 
self-absorption like that of Hg®®. Then, the 
temperature dependence of f for each line is 
obtained from the ratio of the central mini- 
mum (or the average of both maxima if the 
shape is asymmetry) using the curve 3 in Fig. 
6, because the -(v) in the tested Cd'!4 lamp 
is very close to that of the curve 3 corres- 
ponding to the Case 3 as is shown in the 
next section, and in shown in Fig. 13. 


0.3 (mmHg) 
[xlO!® (1 /cm?) 
350 (°C) 


340 


270 300 310 320 330 


Fig. 13. Relation between the evaluated values 
of » for Cd1!4 triplet lines and vapor pressure 
in the lamp. 


3.4. Experiments on the self-absorption in 
off-centered light 

If the line intensity and the line shape are 
measured with the lamp shifted to the side 
way as shown in Fig. 7, the radial depen- 
dences of them can be determined. In this 
experiment an enlarged image of the source 
was produced on the monochromator slit 
(about 0.1mm width) by the use of a conden- 
ser lens having an aperture stop and sub- 
tending an angle not too large at the source 
(less than 10 degree), so that the only light 
which passes almost parallel to the optical 
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axis of the monochrometor was used. Though 
the correction for the lens action of the lamp 
wall was estimated and applied to the results, 
the accuracy of intensity measurement in 
neighbour of the wall was lower than that 
of the center. 

At first, from the measurements of the 
radial dependence of the intensity for such 
lines which are hardly subjected to self-ab- 
sorption as 25791 and 5770 of Hg, and 26438 
of Cd, the radial distributions of emitting 
atoms in these lamps were determined using 
the curves in Fig. 8. The curves a) and b) 
in Fig. 14 show the radial dependence of in- 
tensity of Hg!®® (25791) and Cd!"4 (26438) lamps 


Hg'°%A5791) 


(a) 


cd’ *( 1643 


ee 


(b) 


Cd Osram-type (A}6438) 
x -2(Q,¢. near anode) 


(c) 


Fig. 14. The fradial variations of intensity for 
three lamps. 
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respectively, and it is seen that the former 
is close to the curve 3 corresponding to the 
Case 3 of u(r), while the later, is close to 
the curve 6 or 3 corresponding to the Case 
6 or 3. In contrast with these lamps a com- 
mercial Cd lamp has a distribution as shown 
in Fig. 14. c). This lamp is a small Osram 
type lamp having a discharge tube of about 
25mm long with an inner diameter of about 
10mm and excited by D.C. or A.C. of about 
1.2A. The appearance of the radial intensi- 
ty distribution of the 46438 line varies when 
the excitation is changed from D.C. to A.C. 
In the D.C. case, the curve is approximately 
close to the curve 1 in Fig. 8 at a part near 
the anode, while in the A.C. case, the cor- 
responding curve has a minimum in the cen- 
ter of the tube. The latter shows that the 
lamp is excited strongly in a ring form in 
the tube and this is an interesting fact in 
the study on gaseous discharge, but the dis- 
cussions for the Cd Osram type lamp in this 
paper are restricted within the treatment of 
the former as an example of the uniformly 
excited source. 

The observed radial variations of the line 
shape and the width of self-absorbed line are 
as follows. 

i) Hgt® lamp: Fig. 15 shows the radial 
variation of the shape of the 25461 line emit- 
ted by the GEC lamp which was the most 
seriously affected by self-absorption at 20°C. 
Its half-width decreases from 0.0256cm-' to 


aa O 


ae nh { 


Fig. 15. The radial variations of observed shapes 
(a) and evaluated values of p for 25461 line 
emitted by GEC lamp. 
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(0.0187 cm! as the observing point goes from 
the center of the tube to the wall. On the 
other hand, for the lamp No. 7 (see Table I) 
which contains argon of high pressure and 
was hardly affected by self-absorption, the 
half-width has a constant value of about 
0.020.eun=4, . 

ii) Cd'* lamp: Fig. 16 shows the radial 
variations of the shapes of the 45086 line 
emitted by the Cd!!* lamp at 304°C. The 
dotted lines show the theoretical curves calcu- 
lated using Eq. (2.26) for p=3 and a Doppler 


x 


—— 


‘ 
1 \ 
\ 


{ 
, \ / \ 
h=O h=|/4 


h=|/2 he 3/4 
Fig. 16. The radial variations of recorded shapes 
of 45086 line for Cd'!4 lamp. The dotted lines 


show the theoretical curves of Eq. (2.26) for 
Ds: 


Fig. 17. The radial dependences of evaluated 
values of » for Cd!‘ triplet lines. 


and O 


Fig. 18. The radial dependences of observed in- 
tensity (x) and the evaluated values of p (0) 
for 4678 line emitted from the part near the 
anode of Osram type Cd lamp when it is exicited 
by D.C. 
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distribution (Eq. (2.14)) for both fi(w) and 
fa(u), and agree well with the observed 
curves, except that their tails do not fall down 
sufficiently owing to the overlapping of the 
next order fringe. The radial dependence 
of p obtained from the observed shapes for 
each line is shown in Fig. 17. 

iii) Osram type Cd lamp: The radial de- 
pendence for the 24678 line emitted from the 
part near the anode of the Osram type Cd 
lamp excited by D.C. is shown in Fig. 18, 
and the curve thus obtained agrees well with 
the theoretical curve (solid line) for the uni- 
formly excited source. 


§ 4. 


4.1. Energy diagram 

Both Hg and Cd have two valence electrons 
and show similar spectra, which differ only 
in separation of energy levels. The visible 
triplet lines of Hg: 25461, 4358 and 4047 cor- 
respond to those of Cd: 25086, 4800 and 4678 
respectively. 

It is accepted in general that the mean 
life of atoms in the resonance state 5°P; of 
Hg is shorter than the ones in the metasta- 
ble states 6’P2 and 6’Po, and therefore, the 
£4358 line is less affected by self-absorption 
than the 25461 and 4047 lines, and the case 
is the same for Cd. However, the rates of 
the transition to these triplet states have 
also to be taken into consideration. Since 
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all triplet states are closely related together 
through collisions with electrons or atoms of 
Carrier gas as pointed out by Gaviola!”, 
Kenty'® and others, the more detailed dis- 
cussions are required to explain the mecha- 
nism of self-absorption of Hg and Cd. 


4.2. The Hg'® lines 


The data necessary to discuss this problem 
are summarized in Table IV. The 25461, 
4358 and 4047 lines are radiated from 7*S: 
state with the ratio of gv’. However, only a 
part of the 6’P21,0 states is supplied by these 
transitions and the rest part is supplied by 
collision of electrons and the ratio of these 
two parts was estimated to be less than 1/10 
by Kenty. If the 6°P states and the electrons 
are in thermal equilibrium at the tempera- 
ture 7., the Boltzmann populations would be 
given by the well known equation: 


hehe exp (—eV./kT») , (4.1) 


where ”, is the concentration of normal 
atoms (for example, 4.2x10!3cm-’ at 20°C), 
2. and g are the statistical weights of atoms 
in the normal state and 6’P state in question 
and V. is its excitation potential. The 
electron temperature TJ, in dischage tube 
depends on the discharge current, the pres- 
sure and nature of carrier gas and the tem- 
kperature of lamp, but its dependences to these 
factors are not very large. For Hg lamps, 


Table IV. Summarized data of the triplet lines of Hg. 


V.; excitation potential for lower states, 


g; statistical weight (=2j+1), 


np; Boltzmann population for T,=1.16x10!°K (kT,=1eV), 
te; decay time for 6 °P, 1.9 states (Panevkin2!)), 
p; degree of self-absorption at 20°C evaluated in § 3, 


k; absorption coefficient at 42°C (Kenty!®)), 


relative 


relative value of 


Np (cm-3) 
A (A) | Ve (eV. g value of ° Te (Ss) == 
( ) e ( ) ove (20 C) € eS i k 
ewes 2 ee tie Oe o.2xion | 2x10-5) L100 | 100 =| ~—«:100 
4368. | 4.86 | 3 | E17 veacllee 9p8 head 27 20 lie eee 2D 
4047 | 4.66 | 1 28 | 46 


49 4.0 
T. were found to be 1.11x10#°K by Easley’, 
basing upon a probe measurement in the 
fluorescent lamp with 3mmHg argon at 42°C, 
and 1.1~1.5x10*°K by Verweij’?”, basing 
upon the measurement of its variation against 


the discharge current, the pressure of argon 


6 a, te 


and the temperature of lamp. Since the con- 
dition of the present author’s discharge tube 
is much the same to Verweij’s, of which 7. 
and kT. were 1.1~1.3x10!°K and 0.95~1.1 
eV respectively, the Boltzmann population 7» 
was calculated as shown in Table IV assum- 
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ing that RT-=1leV. 

The values of the decay time for these 
triplet states 6°P2,1,. of 410-5, 1x10-°, and 
6x10-°s, were given by Panevkin?”. The 
value of 1x10-'s for 6°P: state is much 
larger than the life time of 1.08x10-’s given 
by Mitchell and Zemansky””) who collected in 
a table the values of the life time for this 
state given by many authors. As was dis- 
cussed by Holstein”, the energy of the 
radiation 42537 (so called “imprisoned radi- 
ation”) will be able to transfer from atom 
to atom by the repetition of absorption and 
re-emission before escape from the tube wall. 
Therefore, the effective life of the order of 
1x10-'s concerned with the self-absorption 
seems to be reasonable. The same conclusion 
was reached by Kenty who found this value to 
be 0.76x10-*s. Also the preceding Panevkin’s 
value are thought to justify the models in- 
troduced in §2 for the theoretical investiga- 
tion of self-absorption. Namely, as Hg atoms 
have a mean velocity of about 1.7510‘ cm/s 
at room temperature, the absorbing atoms in 
the triplet states 6°P2,1,0 will have the mean 
free path lengths of about 0.7, 0.2 and 1.0cm 
for 4, 1 and 6x10-*s respectively, while the 
emitting atoms in the upper excited state 
7°S1, the path length is less than 2x10-*cm 
for the life time of less than 1x10-°s. The 
former accounts for that the absorbing atoms 
may be distributed uniformly in the observed 
tube of radius of about 0.2~0.3cm and the 
latter, that the distribution of the emitting 
atoms coincide with those of electrons. 

Using theses values of the Boltzmann popu- 
lation mg and the decay time, or effective 
life time ct. of Panevkin, the products of nu, 
and ct. turns out nearly proportional to the 
evaluated values of #’s in § 3 and then to the 
number of atoms contributing to self-absorp- 
tion. 

The evaluated values of p’s also well agree 
with the relative absorption coefficient deter- 
mined by Kenty from the absorption measure- 
ments of these lines in a D.C. discharge tube 
with argon of 3mmHg. 

Next, the variation of p with the argon 
pressure for the 25461 line is anticipated to 
be caused only by the quenching of metast- 
able states due to collisions of argon atoms. 
But this conflicts with the work of Kenty, 
who described that quenching of metastables 
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by argon was negligible in comparison with 
quenching by electrons, however, it is pro- 
bably difficult to explain the variation of p 
by the latter. To account for the observed 
p’s of 1.3, 0.53 and 0.13 for the GEC, No. 7, 
and No. 4 lamps, respectively (see Table II), 
under the assumption that the quenching of 
metastable states*by electrons is negligible*, 
the values of zc. of 6’P states for these lamps 
are estimated to be 1x10-*, 4x10-> and 1x 
10-°s in reference to the value 4x10-*s for 
the lamp with argon of 3mmHg. Moreover, 
the mean intervals 7. between successive 
collisions of atoms of each mercury metast- 
able atoms with argon atoms are estimated 
to be about 4x10-’, 3.3x10-° and 1x10-°s 
respectively, in reference to the value 1x 
10-7s for the lamp with argon of 1mmHg. 
Consequently, the ratios z./T. giving the ef- 
ficiency of the quenching by argon are esti- 
mated to be 2.5x10?2, 1.210? and 1x10? for 
the GEC, No. 7 and No. 4 lamps respective- 
ly. Then the good agreement of these values 
for No. 7 and No. 4 lamps would justify the 
preceding assumption at least for the lamp 
with argon more than 3mmHg. The small 
value of the ratio for the GEC lamp with 
argon of 0.25mmHg seems to show that the 
quenching by electrons is comparable to the 
one by argon atoms and the ratio of the 
former to the latter about 3:1. Moreover the 
fact that the value of » for the No. 3 lamp 
with neon is twice that of the No. 4 lamp 
with argon of the same pressure (see Table I) 
seems to be attributed to the difference in 
the cross-section of collisions, namely the 
ratio of atomic radii of neon and argon is 
about 1:1.4 and then the ratio of cross-sections, 
tig23 


4.3. The Cd'* lines 


As shown in Fig. 13, the observed values | | 


of p’s for the 25086, 4800, 4678 lines depend |f 
on the lamp temperature and their ratio is |) 
10: 7.5: 5:5 at 300°C and 10:8: 6 at the tem- 
perature where p’s are saturated. As is ex- || 
pected, the observed p of 24800 is smaller | 
than that of 25086, but larger than that of || 
24678. 
Unfortunately, no detailed information ex- | 
ists of the electron temperature in Cd lamp | 


* The quenching by mercury atoms is always | 
negligible because of the low vapour pressure at 
room temperature (about 2 Hg). 
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Table V. Data of the triplet lines of Cd. 
V.; excitation potential for lower states, g; statistical weight, 
nz; Boltzmann population with kT,=1leV, 
p; degree of self-absorption evaluated in § 3. 
| relative np (cm=§) relative 
2 (A) | Ve (eV) g value of : | value of 
gv 250°C | 300°C D 
eres Sue oye pi ese 2. ! _ DENSA) Sree _ 
5086 | Seoe | 4S) 100 16.5x 1012 15.1 x 1018 100 
4800 SMS iiNG  jbiSerrw| 71 11.4 10.4 75~80 
Asvew iru! 7h «1 bag easior| 26 4.1 | 3.7 55~60 


and the values of the decay time of the 
triplet states of Cd. However, there are at 
least the following fundamental differences 
between the triplet states of Hg and Cd: i) 
The mean life of the 5°P; state of Cd is 2.5 
x10-°s and about 20 times longer than that 
of Hg. ii) The difference in energy between 
the 5°P; and 5°Po states of Cd is only 0.07eV, 
comparable value to the relative kinetic 
energy of the gas molecules at the tempera- 
ture of 300°C. Then the atoms in 5’Po state 
may be easily brought to the 5?P: state by 
collision. Therefore it is expected that the 
values of the effective life of the triplet 
states of Cd may be larger than that of Hg, 
and that the difference in effective life 
between the 5°P: and 5'Po states may be 
smaller than that of Hg. 

Assuming that RT. was leV to make the 
comparison easy to the case of Hg lamp, the 
Boltzmann populations of these states were 
calculated and shown in Table V. Provided 
that the degree of self-absorption is nearly 
proportional to the product of mg and ce in 
the same manner as the Hg lamp, the self- 
absorption of 24678 is likely to be smaller 
than that of 24800. If it is true, a similar 
fact should be expected for the triplet lines 
of Zn which also has two valence electrons 
and the energy separations smaller than that 
of Cd. Indeed, a measurement of self-absorp- 
tion of Zn shows that the self-absorption of 
24680 is the smallest among the triplet lines: 
44810 (42P2—5°S:), 44722 (42P1—5°S:), and 
24680 (4°P)—5°S:), which are emitted by a 
similar electrodeless lamp of Zn at 500°C, 
and thus the above mentioned fact is con- 
firmed experimentally. 


4.4. Summary 
The investigation of the self-absorption 
which was made clear in the present paper 


as the important secondary effect to cause 
the broadening of spectral line can be sum- 
marized as follows. 

1) The line shape of self-absorbed line 
was formulated assuming that the distribu- 
tion of the emitting atoms in the light source 
from the center to the outside is by various 
functions; linear, zero order Bessell’s and 
parabolic functions, and that the distribution 
of the absorbing atoms was thoroughly uni- 
form. For comparison, the same treatment 
was given for the two special models which 
had already been presented by several 
authors. Appling these results to the quanti- 
tative treatment of line of the Doppler or 
Lorentz distribution, the relation between the 
variation of the line shape and the degree 
of self-absorption indicated by $ was made 
clear. The increase of line width 46,/é0 for 
the unreversed line and the ratio of the cen- 
tral minimum to the side maximum J(0)/Jmax 
for the reversed line were obtained and plot- 
ted in curves against p. Moreover, the line 
shape and intensity for the off-centered light 
were also obtained. Through these discus- 
sions, it was proved that the simple models 
in which the emitting atoms decrease linearly 
from the center to the outside were satis- 
factory to explain the general views of self- 
absorbed line. 

2) Using a direct recording Fabry-Perot 
interferometer, the shapes of the visible tri- 
plet lines emitted by Hg!®* and Cd'"* electrode- 
less lamp were observed without being dis- 
turbed by the hyperfine structure of isotopes. 
From these observations the effect of self- 
absorption of these lines was made clear, and 
was shown to agree well with the results 
theoretically obtained. From the measure- 
ments of the radial variation of the 
tensity and the line shape, the following 


line in- 
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results were obtained: Hg!** and Cd'!* lamps 
can be approximately represented by the 
model in which the density of emitting atoms 
decrease linearly from the maximum at the 
center to zero at the wall, and the Osram 
type Cd lamp excited by D.C., by the model 
of uniform excitation at a part near the 
anode. Then the values of the parameter p’s 
were evaluated by the use of the relations 
of » to 6 and J(0)/Imax for these lines for 
various conditions of the lamp temperature, 
the nature and pressure of carrier gas. 
These values can be explained consistently, 
taking the population and decay time of the 
triplet states and the quenching due to col- 
lisions of them with carrier gas and electrons 
into consideration. 
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In additively colored KCl crystals containing sodium, irradiation in the 
F-band causes its complete conversion in two absorption bands which 
are termed A; and A». By investigating their thermal, photochemical, 
and dichroic properties, these two bands are found to arise from a common 
species of centers called A-centers, and are identified with Petroff’s A- 
and B-bands which have been found in nominally pure specimens. From 
the analysis of dichroic spectra, peak energy and half-width are determined 
for each band at several temperatures. The observed oscillator strength 
is 0.90 for the A,-band and 0.81 for the A»-band. The A-centers are 
destroyed thermally with an activation energy 0.43 eV. A model is pro- 
posed for the A-center that it consists of an F-center having a sodium 
ion as a nearest neighbor to the vacancy. A calculation of energy levels 


by the method of molecular orbitals is presented. 


§1. Introduction 


The A- and B-bands, which were first dis- 
covered by Petroff!, appear in the vicinity 
of the F-band when an additively colored KCl 
crystal is irradiated with F-light at near room 
temperature. Since his discovery, these bands 
have not been studied seriously for a long 
time, and attention has been directed rather 
to the other absorption bands such as M or 
R, which appear subsequently during irradia- 
tion in the F-band. Only recently, study of 
the A-band has been revived by Liity”), Ohkura 
and his collaborators®*’, Hirai», and Tomiki®. 
Especially, Liity found that A-centers which 
are responsible for the A-band have <100>-type 
symmetry, and proposed a model that the 
A-center may be an associated vacancy-pair 
of opposite sign which has captured an 
electron. On the basis of this model, it is 
hardly expected that an A-center could cap- 
ture another electron, or could be stable at 
temperatures higher than room temperature, 
because its ionization energy is estimated by 
the method of Pincherle” to be of the order 
of 0.l1eV. Experimentally, however, as des- 
cribed in the preceding papers’), the A- 
center appears to be able to capture another 
electron to become an A’-center and, more- 
over, the A-band does not disappear in the 
dark with an appreciable rate unless it is 


heated to temperatures above 60°C. These 
facts suggest that Liity’s model is not appro- . 
priate and so an alternative model must be 
sought. 

In reference 9), it was concluded from ex- 
periments that both the A- and B-bands arise 
from a common absorption center, and are 
associated with Nat ions which happened to 
occur in specimens employed for the experi- 
ments. In view of these findings, a new model 
for the A-center has been proposed that it 
consists of an F-center which has a Nat ion as 
a nearest neighbor of the constituent vacancy, 
as illustrated in Fig. 1. It would therefore be 
more appropriate to call alternatively the A- 
band as the A:-band and the B-band as the 
As-band; this terminology will be followed 
throughout this paper. 


ELECTRON 


Fig. 1. Model of an A-center. The ionic radii 
are drawn approximately to scale, but the dis- 
tortion of the ions around the vacancy is not 
included. 
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In the present paper, experiments on thermal 
and optical properties of A-centers which were 
previously reported only briefly are described 
in more detail, and a calculation of energy 
levels is also presented. 


$2. Experimental Procedure 


Experiments were made on nominally pure 
crystals as well as on crystals doped with 
sodium. Single crystals of nominally pure 
KCl were grown from reagent grade KCl by 
the Kyropoulos method using an unglazed 
crucible. Single crystals doped with sodium 
were made by adding 1 molar percent of 
reagent grade NaCl to the KCl melt. Both 
kinds of crystals were colored by heating in 
potassium vapor at about 550°C for approxi- 
mately 2 hours. Subsequently, they were 
reheated to 500°C for several seconds and 
quenched rapidly on a copper plate. This last 
procedure was necessary in order to remove 
a small amount of (-centers which had been 
introduced during the additive coloration. All 
crystals which had been received the above 
treatments showed about the same absorption 
spectrum and still exhibited a trace of the 
A:-band besides the ordinary /-band. The 
initial concentration of F-centers was about 
1.5x10'7cm-* in every specimen, with the 
exception of one which is referred to in 
SB (Di 

Absorption measurements were carried out 
with a Hitachi EPU-2 spectrophotometer. 
Monochromatic light needed for bleaching 
experiment was obtained also by the use of 
the spectrophotometer, and the spectral band- 
width of the light was kept to about 10 mz 
throughout this work. Crystal temperatures 
were measured with a copper-constantan 
thermocouple which was soldered to a copper 
plate holding the specimen in a Dewar flask. 


§ 3. Optical and Thermal Properties 


1) Growth of the A:-band 

The Ai-band develops fairly rapidly when 
an additively colored KCl is irradiated with 
F-light at appropriate temperatures. Within 
the range between —30°C and 25°C, the 
initial growth-rate is nearly independent of 
temperature, as has been shown in Fig. 1 in 
reference 8). The most favorable temperature 
to produce A-centers was found to be about 
—30°C, where the A:-band grows with irra- 
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diation and eventually, reaches a saturation 
value. At higher temperatures, the A:-band 
once emerged decays again and simultane- 
ously the M-band appears with continued 
irradiation. At lower temperatures such as 
—70°C, the appearance of the A:i-band can 
not be clearly seen owing to the rapid growth 
of the F’-band, but it is almost certain that 
A-centers are created at least as an inter- 
mediate product since the the A’-band de- 
velops with prolonged irradiation with F-light 
as described later. 


2) Photochemical reactions 

A sample, in which A-centers had been 
produced to their saturated concentration at 
—30°C, was irradiated again with 530 my-light 
at room temperature. The result was that 
absorption intensity near the peak of the F- 
band increased along with the M-band and 
absorption in the outside spectral regions de- 
creased, as shown by curves (6) and (c) in 
Fig. 2. Subsequent irradiation in the W-band, 
after it had been fully developed by F-light, 
caused not only a bleaching of it as usual, 
but also a continued decrease of the A:i-band 
[Fig. 2(d)]. However, the M-band as well as 
the Ai-band did not completely disappear by 
this procedure. 

The crystal which had been subjected to 
the above treatments was again irradiated 
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Fig. 2. A sequence of absorption spectra showing 
the F-band and the A;-band in their various 
equilibrium conditions (absorption measured at 
+20C). (qa) initial, (6) after 40 min. irradiation 
with 2=520 mp at —30°, (ce) after additional 5 
min. irradiation with 2=530myp at +20°C, (d) 
after additional 30 min. irradiation with 2=830 
my at +20°C. 
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with 530 my-light at —30°C. The Ai-band 
was then found to increase with the same 
growth-rate as in a virgin specimen; Fig. 3 
illustrates a typical example of this recovery. 
Also with a specimen corresponding to Fig. 
2(c) or a specimen in which A-centers had 
‘been destroyed by heating to a high tempera- 
ture, the Ai-band developed again with the 
same growth-rate as before by reirradiation 
with 530 my-light at —30C. These facts imply 
that constituent units of A-centers may be 
distributed in a crystal in the same fashion 
before and after they have been subjected to 
the above-mentioned photochemical or thermo- 
«chemical processes. 


500 
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fFig. 3. Absorption spectra showing temperature 
dependence of the A,;-band in its saturated in- 
tensity (absorption measured at —70°C). (a) 
initial [the same as Fig. 2(b)], (6) after 5 min. 
irradiation with 2=530 my and subsequent 30 
min. irradiation with 2=830 my at +20°C [the 
same as Fig. 2(d)], (c) after additional 20 min. 
irradiation with 2=520 mp at —30°C. 


3) Thermal stability 

A-centers are thermally much less stable 
than M-centers; most of them are converted 
into F-centers in a period of about 1 hour by 
heating to 50°C in the dark. The thermal 
bleaching of the Ai-band was studied asa 
function of time at several temperatures. In 
this experiment, A-centers were produced at 
—30°C as before, the absorption intensity at 
640 my was measured and the contribution of 
the F-band was estimated and subtracted. 
Some results are shown in Fig. 4. It is no- 
ticed that the bleaching of the A:-band obeys 
the exponential decay law, and hence the 
densitity of A-centers may be written as 


N=N exp (—t/r) , Gir) 
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zt being the mean lifetime for the destruction 
of A-centers. We shall assume the from 
as usual 


~ = exp(—E/RT), 


°° 


(2) 


where F is the activation energy for the de- 
struction. By use of Eq. (1) and the bleach- 
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Fig. 4. Thermal bleaching of the A,-band with 
time in the dark at various temperatures. The 
vertical scale expresses optical density at the 
peak wavelength of the A,;-band, corrected by 
subtracting the contribution of the overlapping 
F-band. 
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Fig. 5. Temperature variation of lifetime for the 
thermal bleaching of the A,-band. -+-—obtained 
from Fig. 4 and other similar data; ()—obtained 
from the decay of dichroism (see § 3 (6)). 
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ing curves as given in Fig. 4, we obtain the 
reciprocal lifetime 1/r as a function of 1/RT. 
This is shown in Fig. 5, which gives us by 
Eq. (2) an approximate value 


E=0.43 eV . 


In Fig. 5, the reciprocal lifetime for the decay 
of dichroism, that will be explained in § 3(6), 
is also plotted together. 


4) Formation of the A’-band 

At the early stage of irradiation with F- 
light at —70°C the F’-band appears at the 
expense of the F-band. However, prolonged 
irradiation gives rise to another broad band, 
which has been called the A’-band®, to the 
longer wavelength side of the F-band. The 
emergence of the new band may be discerned 
with changes in the absorption spectrum, 
particularly with a drop of the absorption 
beyond 800 my as illustrated by Fig. 2 in 
reference 8). 

It was found that the A’-band possesses the 
following properties: (1) With a specimen 
containing A-centers in large quantities, ir- 
radiation with Aj-light at any temperature 
between —50°C and —130°C causes a rapid 
growth of the A’-band and a simultaneous 
decrease of the A:i-band as shown in Fig. 6. 
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Fig. 6. Formation of the A’-band by irradiat- 
ing with 620 my-light (absorption measured at 
—180°C). (a) before irradiation (F’- and A-centers 
alone), (0) after 10 min. irradiation at —90°C 
(F- and A’-centers produced). 


(2) The A’-band is slightly narrower than 
the F’-band; it does not absorb light of wave- 
length beyond 950 my, whereas the F’-band 
extends further into the infrared. This can 
be seen most distinctly on a doped specimen 
where substantially no F-centers and hence 
no f’-centers are involved [Fig. 7(c)]. (3) 
During warming up to room temperature, the 
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A’-band disappears accompanying recovery 
of the A:-band, most rapidly in the neighbor- 
hood of —40°C. (4) At —50°C the half 
lifetime of A’-centers is approximately 500: 
seconds, so that it is about 10 times longer 
than that of F’-centers. In view of these 
observations, it appears quite plausible to 
assume that an A’-center consists of an A- 
center which has captured another electron. 
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Fig. 7. Photochemical convesion in a doped crys- 
tal (absorption measured at —180°C). (q@) initial,. 
(b) after 40 min. irradiation with 520 mp-light 
at —30°C (F-centers changed completely into. 
A-centers), (ce) after additional 10 min. irradia- 
tion with 620 my-light at —125°C (A’-centers. 
were produced). 


It is to be noted here that the lowest tem- 
perature at which the A’-band can be de- 
veloped by A:-light to an extent of observable 
intensity is about —135°C, which is somewhat 
higher than -—150°C, the corresponding: 
temperature for the F’-band. 


5) Properties of doped crystals 

In the case of specimens doped with sodium, 
the absorption spectrum changed by irradiat- 
ing with 520 my-light at —30°C, as shown in 
Fig. 7. This new spectrum was identified 
with the A-bands, because it exhibited all the 
properties characteristic of the A-bands, such 
as thermal stability, dichroic properties, and 
optical conversion into the A’-band below 
—40°C [Fig. 7(c)]. The spectrum after the 
conversion may be resolved into constituent 
bands as shown by broken lines in Fig. 8a, 
using the shape of the Ai- and A>-bands. 
which is determined in §3 (6). Fig. 8b repre- 
sents the corresponding spectra for an undoped. 
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specimen. It is noticed that virtually all 
F-centers were transformed into A-centers in 
the doped specimen, while a part of F-centers 
remained unchanged in the undoped specimen. 
In the case of undoped crystals, however, 
‘complete conversion was also observed in a 
lightly colored specimen containing only about 
‘2x 10'° F-centers/cm’. 
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b. Undoped crystal 


IFig. 8. Resolution of absorption curves (absorp- 
tion measured at —180°C). A-centers were pro- 
duced by irradiating with 520 my-light for 40 min. 
at —30°C. 


‘Table I. Ratio of the changes in absorption in- 
tensity for the A-bands and the F-band due to 
the optical transformation. 


Temperature AA/4F 
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‘Crystal Treatment 
1 Na-doped — 70°C 1.026 
2 Na-doped + 10°C 1.013 
3 Na-doped —180°C 0.953 
4 Undoped —180°C 0.959 
5 Undoped — 70°C 1.012 
Mean 0.993 
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Changes of the area under the absorption 
curves due to the formation of A-centers 
were measured on five samples including two 
undoped specimens. The results are listed in 
Table I, where 4A denotes the increase in 
the area of the A-bands and 4F the decrease 
in that of the F-band. The mean value for 
4A/AF is 0.993, so that the area under ab- 
sorption curves may be considered as practi- 
cally conserved during the transformation. 
6) Dichroic properties 

a) Preliminary considerations 

Before describing experimental results on 
the dichroism, it will be more expedient to 
consider some theoretical aspects of the 
problem. We assume that the Ai:-band is 
caused by an electric dipole transition with its 
optical dipole moment parallel to the symmetry 
axis of each A-center, and the A2-band is 
caused by a similar transition with its opitical 
dipole perpendicular to the symmetry axis of 
each center. Let the number of A-centers 
per unit volume be WN, and suppose that 
among these centers xN, yN, and zN are 
oriented parallel to the [100], [010], and [001] 
directions respectively. Then, writing the 
intensity of the A1- and A2-bands as i and 
Iz, and taking [001] as the direction of obser- 
vation, we can easily show that 


h=(«+y)CAN , 
Iz=(x+y+2z)ChN , 
where fi and fe represent the oscillator 


strengths and, according to Smakula’s for- 
mula, C is a constant given by 


(nw? +2)? re*h 
C= j 
n 9mc 


(3) 


(4) 


with the refractive index m. Likewise, ex- 
pressing the absorption intensity measured 
with [100]- or [010]-polarized light by attaching 
the suffix x or y to i and Js, we get 
Ls=aCfn § es 
he=(yt+2)Cprn , 


and 
Hh CHUN 
Toy=(xX+2)CH2N . 
Although fi; may be a little different from /2, 
we assume for the present that they are both 
equal to a common value / for the sake of 
simplicity. 
Let us now consider the case where a 
crystal containing only A-centers has been 


(6) 
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Table Il. Distribution of A-centers and intensity of A-bands after exposed to various types 
of light. Absorption intensities are given in units of CfN.- 
7% { 00, ion i i d with 
Pinal distribution,» ky, Clee ee ee 
Irradiation ie Le |Unpolarized light —_—‘[100]-light (010]-light 
uv Yy z Ts I; | Tp I, Te qT; 
} 2 ¢ pres | 7 od AS a : ; 
Unpolarized A, Lied 0 1 te 0 0 ek 0 
Unpolarized A, 0.4 0.4 0.2 0.6 0.4 0.6 0.4 0.6 0.4 
{100]-Ai 0 0.6 0.4 0.7 0.3 1 0 0.4 0.6 
{100]-A» 1 0 0 0.5 O15 0 1 1 0 


irradiated with unpolarized light absorbed in 
the A2-band but not in the A:i-band. In this 
case, assuming that an A-center excited with 
A:-light can change its orientation in any of 
the three directions with an equal probability, 
we can easily show that the distribution of 
A-centers will eventually reach a _ ratio 
x:y:z2=2:2:1, and hence, by Eq. (3), the ratio 
of the intensity for the two bands will become 
Ti:I2=2:3. Table IL summarizes final dis- 
tributions and the corresponding absorption 
strengths to be expected when measured with 
polarized or unpolarized light after being ir- 
radiated with light as indicated in the first 
column. In the case of irradiation with A1- 
light polarized along [100], the final distribu- 
tion expected depends on the initial one; 
numerical values for [100]-A:i in Table II are 
referred to the initial distribution «:y:z=2:2:1. 

When an absorption band whose optical 
dipole is oriented along the <100> directions 
has been irradiated with [110]-polarized light, 
the absorption spectrum will exhibit no di- 
chroism, but when it has been irradiated with 
[100]-polarized light, dichroism will be observed 
so long as measuring light contains some 


Table III. Dichroism to be produced by bleaching 
with polarized light. -++means that dichroism 
occurs and—means that dichroism does not occur. 


| Dichroism measur- | Dichroism measur- 
ed with [100]-and ed with [110]- and 
Direction {100]-light after {110]-light after 
of bleached with bleached with 
optical light polarized light polarized 
dipole along along 
{100] = [110] [100] [110] 
<100> | St = | = = 
<110> | 4. _ - + 
<1ll> a = | = se 


component of electric vector along the [100]; 
direction. This situation is displayed in 
Table III along with the cases of <110>- and. 
<111>-type symmetry. In this Table, the plus 


30) 28 26 W422 20 RE 
Photom Energy (ev) 


a. Undoped crystal 


Density 


Optical 


3.0. ek? Sansone oA SOnNaLG 


Photon Energy (ev) 


b. Doped crystal 


Fig. 9. Dichroism produced by irradiating with 
520 my-light polarized along [100] at —30°C (ab- 
sorption measured at —180°C). (a) before ir- 
radiation, (b) measured with [010]-polarized light 
after irradiation, (¢) measured with [100]-polar- 
ized light after irradiation. 
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sign denotes that dichroism is expected to 
occur and the minus sign denotes otherwise, 
when measured with light polarized along 
the direction as indicated and with light 
polarized perpendicular to it. 


b) Experimental results 

Fig. 9 shows absorption spectra measured 
at —180°C with unpolarized light and with 
polarized light. In Fig. 9a, curve (a) was 
obtained immediately after the conversion of 
F-centers to A-centers by irradiating with 
unpolarized 520 my-light at —30°C. Curve (d) 
and curve (c) were measured with polarized 
light along [010] and along [100] respectively, 
after irradiated with 520 my-light polarized 
along [100] at —30°C. No dichroism was 
found to occur when measured with [110]- 
and [110]-polarized light. In order to confirm 
the <100>-type symmetry found by Liity, ir- 
radiation was made with Ab>-light polarized 
along [110]. The result was that dichroism 
appears neither in the [110] direction nor in 
the [100] direction. Therefore, as Table III 
shows, this demonstrates that the A-center 
possesses <100>-type symmetry. 

Fig. 9b presents the result for a crystal con- 
taining substantially no F-centers. Dichroism 
was produced by irradiating with 520 mp-light 
polarized along [100] at —30°C and measure- 
ment was made at —180°C. The area under 
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Fig. 10. Dichroic difference spectrum for A-cen- 
ters at —70°C. Broken lines represent separate 
contributions from the A,-band and the A,-band. 
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curve (a) in Fig. 9b can be divided into the 
Ai- and A»-bands with a ratio of about 2 to 3. 
According to Table II, this corresponds to the 
distribution «=y=0.4 and z=0.2, so that the 
ideal situation mentioned there appears to be 
approximately realized. On the other hand, 
the distribution associated with curves (6) 
and (c) is estimated by the use of Eqs. (5) 
and 6) to bes x=0:5,..9=0,33.,/and 20174 
which means that 17 percent of the A-centers 
have changed their orientation as a result of 
irradiation with [100]-light. At temperatures 
near —180°C, irradiation with the polarized 
A>-light yielded a dichroism analogous to that 
shown in Fig. 9a, however, with a much 
slower rate of appearance. 

Fig. 10 gives a dichroic difference spectrum 
which is obtained by taking the difference 
between two absorption curves measured with 
[100]- and [010]-polarized light. Broken lines 
represent separate contributions from the A:- 
and As-bands, each of which has been assumed 
to have a symmetrical band shape. The small 
area remaining at the shorter wavelength tail 
may be attributed to transitions to higher 
excited states. It is clearly seen that the 
two regions bordered by the abscissa and the 
dichroic difference curve have approximately 
equal area. Furthermore, the shape of the 
curve was always the same at a given temper- 
ature in all specimens on which measure- 
ments were made. These two facts may be 
considered as the most strongest evidence that 
the A:- and A»-bands arise from common 
absorption centers. The peak location and 
half-width of these bands measured at three 
temperatures are listed in Table IV, along 
with those for the F-band obtained by Konitzer 
and Markham?. 

The data given in Fig. 10, as combined with 
other data, enable us to estimate the oscillator 
strengths of the Ai- and A:-bands. As men- 


Table IV. Peak positions and half-widths of the 
A;- and A»-bands measured at various tempera- 
tures (in eV). 


om Ee |  A>-band F-band 


Peak Width Peak Width Peak Width 


BGC gee.01 0,28 212.30 150/30) 2.230. 34 
— 70°C | 2.04 0.18 | 2.32 0.24 | 2.21 0.28 
= 180 Ge [220960015 ie 62-35550.20..| 2130...0.25 
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tioned before, the integrated absorption in- 
tensity of the F-band is very nearly equal to 
that of the A-bands in case of the complete 
optical transformation. Since the integrated 
absorption of the F-band is given by CfrN, 
we are led to, according to Eq. (3), 

$[(xty fit aty+22)fel/fe=l . (7) 
On the other hand, comparing the two areas 
bordered by broken curves in Fig. 10, we get 
approximately 

hED i) (8) 
Putting then x=y=0,4, and z=0.2.in Eq. (7), 
and assuming that fr=0.85"", we finally ob- 
tain 
Fc=0,90° and. 72=0,81y 


Although Hirai®’, and later Ohkura and Awane’) 
have obtained values of 0.73 and 0.50, respec- 
tively, for the oscillator strength of the Ai- 
band, their procedures are unsatisfactory be- 
cause they did not take any account of effects 
of the symmetry and hence of the orientational 
distribution of A-centers, and moreover, at 
those times they were unaware of the possi- 
bility that both the A:- and A2-bands arise 
from a common absorption center. 

The dichroism was found to decay exponen- 
tially with time. The lifetime of the dichroism 
measured at several temperatures has been 
plotted in Fig. 5. It is noticed that the life- 
time of the dichroism agrees with that of the 
thermal bleaching within experimental errors. 


$4. Theory of Energy Levels 


Although accurate calculation of energy 
levels of an A-center based on the model 
proposed here would be considerably difficult, 


Fig. 11. A diagram showing coordinates for the 
A-center. The anion vacancy is represented by 
a large circle, and its neighboring cations by 
numbered small circles. The z-axis is taken 
along the direction of irradiation. 
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the following simple argument will serve for 
understanding the manner in which the energy 
levels and hence absorption peaks shift from 
those of an F-center. 

We shall label the six cations surrounding 
a negative ion vacancy comprising the A- 
center as illustrated in Fig. 11, and take a 
set of coordinate axes as indicated therein. 
For the present we shall confine ourselves to 
the case of an F-center, which may be ob- 
tained by replacing the sodium ion labeled as 
1 with a potassiumion. Then the Hamiltonian 
Ho for a trapped electron of the F-center may 
be written as ~ 


h? 
T=——P’ , 
2m 


Mo=T+ Ux , (ay. 


where U; stands for the Coulomb potential 
arising from the ion k, and may be understood 
to include the exchange interaction with the 
trapped electron. The sum should be taken 
over all ions comprising the crystal. Let us 
now approximate the ground state wave func- 
tion ®; of the trapped electron by a linear 
combination of atomic orbitals g:, each local- 
ized on the six labeled cations: 


®.=> gil(6+248)'? . (10) 
4=1 


Here, g; may be represented by a mixture of 
the 4s and the 4p functions for a free potas- 
sium atom: 

gi=asit+(1—a?)/2p, , (11) 
where the direction of fi is so chosen that 
its positive lobe points the origin of the co- 
ordinate axes. In Eq. (10), S is the overlap 
integrals over neighboring g:’s, and other 
smaller overlap integrals are neglected. The 
wave functions for the triply degenerate ex- 
cited states may be likewise approximated by 


O2=(91—@2)/2'/? , (12) 
D,=(~3—@,)/2¥? , (13) 
D,=(95 —Go)/2'/? , (14) 


where ¢g: is assumed to have the same form 
as Eq. (11). Actually, it would be better to 
use a somewhat different value of a@ for the 
excited states, but we shall neglect this dif- 
ference here for the purpose of simplicity. 
In the case of the A-center, the Hamiltonian 


should be replaced by 
H=T+Vit 2'U«z , (15) 


where V: is the potential due to the sodium 
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ion located at the site 1, and the prime at- 
tached to the summation means that the sum 
is taken over all ions except the ion 1. The 
ground state wave function corresponding to 
Eq. (10) may be approximately taken as 


Meee S eil(6+24S)2 CS. (16) 


Here ¢: isa function consisting of the 3s and 
3p functions for a free sodium atom combined 
in the form of Eq. (11) with the same co- 
efficient a, and the overlap integral S is also 
assumed to be unaltered by replacing ¢: with 
,. For the excited states, the wave function 
corresponding to Eq. (12) may be written as 
V2=(¢(i—G2)/2"/? S a ’ (17) 
and the other two functions remain unchanged 
in the present approximation: 
V,=O, ial, (18) 
Vee ell n (19) 
The increase in the ground state energy 
resulting from replacement with a sodium ion 
at the site 1 will then be given by 
By substituting Eqs. (15) and (16), the first 
term of the right hand side in Eq. (20) is 
rewritten as 
CF s|H|Es>=[P1l T+ Vilgr> + <P Ul o> 
+ 31’ <¢1| Hol gi> + 31’ pi | Hol p> 


+2>,'<¢1| Vi Ula + 3X pel fol #5) 


+ >’ <gi| Vi-U 1 9>]/(6 +248) . (21) 


The first term in the bracket is equal to the 
negative of the ionization energy J for the 
orbital ¢1: 

ill PVilgy=—T (22) 
The next three terms may be replaced ap- 
proximately as 


<fi| XY Un lO = gi] Uele> , (23) 
<1| Hol gi> ~<G1| Holgi? , (@#1), (24) 
<pilHolg~<gilHolgiy, GI). (25) 


As Vi—U;1 becomes a large value only in the 
neighborhood of the sodium nucleus, we have 


<p1|Vi— U1 |g 7 (26) 
<gi|Vi-Ui|gp>~0 . (27) 
‘The second term in Eq. (20) is rewritten by 
virtue of Eqs. (9) and 10, 
(@s| Ho|®s> =[<e1|T + Vile +<e1| DY Ue lew 
+ 31’ <¢il Hol es>]/(6 +248) . (28) 
ag 
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Writing the ionization energy for the orbital 
@1 aS Ib, we get 
<oi|T+ Ui\opd=— 5 (29) 

Using these expressions, we arrive finally at 
a simple expression: 

AF s=(lo—D/(6+24S) . (30) 
The increase in the excited state energies due 
to the replacement with a sodium ion: 


ME y= y| AF y> —D,| Hol ®y> , (32) 


can also be calculated in a similar fashion. 
We shall give here only final expressions: 
AE2=(h—I)/2 , (34) 
Ale, Ale — Oe (35) 
Since S is obviously positive, and the ioni- 
zation energy is larger for sodium than for 
potassium, 7.e. Jo—I<0, Eq. (30) tells us that 
the ground state, >’, of the A-center is lower 
than that of the F-center. Eqs. (34) and (35) 
mean that the excited states of the /-center 
split into a doubly degenerate level I] anda 
nondegenerate level >)*, and that the >\* 
level is lower than the corresponding level of 
the F-center whereas the II level remains 
unchanged, by replacing with a sodium ion 
at the site 1. By taking the difference be- 
tween Eqs. (30) and (31), we find that the 
absorption band associated with the transition 
>> >* appears to the longer wavelength side 
by the amount of 
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Fig. 12. Level scheme for the A-center, as com- 
pared with that for the F-center. Levels are 
drawn so that the level differences indicated by 
arrows coincide with the corresponding observed 
absorption peaks at —180°C. Series limit for 
the F’-center is estimated at 3.0 eV [see reference 
12)]. Level shift between the F’-center and the 
A-center is tentatively fixed by taking account 
of the calculation in the text. 
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Likewise, the absorption band associated with 
the transition >'—>I1 is predicted to appear to 
the shorter wavelengths by the amount of 

4ex=|Io—I|/(6+24S) . (37) 
Therefore, we may identify the transition 
S—H* with the Ai-band and the transition 
SIT with the As-band [Fig. 12]. By taking 
the ratio of Eqs. (36) and (37), we obtain 

Ae1/dez=2+12S ) (38) 
which indicates that the shift of the absorp- 
tion peaks from the F-band is larger for the 
A1-band than for the A»-band, in agreement 
with observation. 

In order to find the magnitudes of dei and 
dex, it is required to estimate the values of 
S and fy—J. The value of S may be obtained 
in the following way. According to Eqs. (10) 
and (11), the probability density of an F-center 
electron at a potassium nucleus adjacent to 
the vacancy is given by 

@?(0) =a?s17(0)/(64+24S) . (39) 
The corresponding experimental value obtain- 
ed from electron spin resonance data is equal 
to 0.70 A-?*®, The value of s:2(0) is evaluated 
to be 7.5’ A-* with the use of hfs data on 
free potassium atoms. On the other hand, 
the remaining unknown constant aq? is difficult 
to estimate; we shall assume as an extreme 
case a’?=1 which corresponds to pure s-charac- 
ter, and as a more reasonable value a?=3/4 
which means 25 percent mixing of p-character. 


Table V. Values of parameters specifying 
location of absorption bands. 


S Ih-I | Ae;/Aes Ae, 
a=1 0.20 —0.80eV 4.4 | 0.32 eV 
a?—3/4 0.08; —0.68 eV) 3.0 0.25 eV 


Exp 


3.1 | 0.22 eV 


Then we get the corresponding values of S 
and hence of 4ei/de. as displayed in Table V. 
The value of J,—J may be obtained from the 
experimental values of ionization energy for 
free potassium and sodium atoms. The ioni- 
zation energies are 4.32 eV (4s electron of 
normal K atom), 2.71 eV (4p electron of ex- 
cited K atom), 5.12 eV (3s electron of normal 
Na atom), and 3.02 eV (3p electron of excited 
Na atom). Hence J) and J are given by 
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hh=4.32a?-+2.71(1—a’) , (40) 
T2526 3.021 a7) (41) 


in the units of eV. By the use of these ex- 
pressions, we get the values for Jo—J/ and Aer 
as shown in Table V. In this Table, experi- 
mental values of 4e:i/4ez and 4e: are also in- 
cluded. The agreement between theory and 
experiment may be considered as satisfactory,. 
especially for the case of a?=0.75. However, 
such good agreement must not be taken too 
seriously because we have many simplifying 
approximations. 


§5. Discussion 


1) The thermal destruction of A-centers 
may be understood in the following way. 
Since the ground state of an A-center cannot 
presumably be higher than that of an F-center, 
as mentioned in §4, the probability for the 
thermal ionization of an A-center will be 
negligibly small at temperatures in the vicinity 
of 50°C. Accordingly, the destruction of the 
A-center at such moderate temperatures must 
be considered as caused by a motion of the 
constituent vacancy. The activation energy 
0.43 eV for the thermal destruction may then 
be interpreted as representing an energy re- 
quired to dissociate the A-center into an F- 
center and an isolated Na* impurity. A\l- 
though this value is much smaller than the: 
activation energy for migration of a negative 
ion vacancy, 2.6 eV™, it would be of some: 
interest that it is very close to the activation 
energy for colloidal formation due to the ag- 
gregation of F-centers, 0.46 eV, obtained by 
Theisen and Scott!». That the activation. 
energy for the disappearance of the dichroism 
agress with that for the thermal destruction. 
indicates that the disappearance of the dichro- 
ism is merely a consequence of the thermal 
destruction of A-centers. This is contrasted. 
to the case of M-centers where the thermal 
destruction occurs at much higher temper- 
atures than the thermal disorientation which. 
results in the disappearance of the dichroism. 

2) Ohkura and Uchida” observed that at 
—180°C irradiation with 600my-light in a 
crystal, in which the A- and B-bands have. 
been developed by bleaching the F-band, causes. 
transformation of a part of the A-band into. 
the B-band, and conversely, the resulting B- 
band goes back again into the A-band by 
irradiating with 510 my-light. Assuming that. 
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there are two different species of centers, call- 
ed A and B, they have interpreted this phe- 
nomenon as a mutual conversion induced by 
light between the A- and B-centers. On the 
basis of our model, however, this should be 
interpreted rather as a consequence of reorien- 
tations caused by the irradiation, since virtu- 
ally no photoelectrons can be produced at such 
a low temperature, as may be inferred from 
the fact that the A’-band does not appear 
under such circumstances. As mentioned in 
$3 (6), if we assume that an A-center when 
raised in excited states has a tendency to 
change its orientation towards any possible 
direction, irradiation with A:-light will cause 
reorientation of some centers from [100] and 
[010] to the [001] direction and hence a de- 
crease of the Ai-band and simultaneously an 
increase of the A2-band. The reverse process 
may also be explained in an analogous manner. 
It is to be noted here that Ohkura and Uchida 
divided their absorption curves erroneously 
into constituent bands as the exact location 
and shape of the A-bands were not known 
at that time. Table II tells us that the in- 
tensity ratio of the A:i-band to the A2-band 
does not exceed a value of about 2/3, and 
Table IV that the ratio of the band-widths is 
approximately equal to 3/2. Asa consequence, 
we may expect that the absorption coefficient 
of the A:-band can never be larger than that 
of the A»-band at their peak wavelengths in 
contrast with Ohkura and Uchida’s analysis. 

3) Hirai® measured the growth-rate of the 
A:-band for several samples containing dif- 
ferent concentrations of F-centers. With 
specimens having about the same optical 
density, he found that the saturated optical 
density of the A:1-band is nearly a constant 
value for specimens containing less than 
1.310! F-centers per cm*, and is roughly 
proportional to the F-center concentration 
for specimens containing higher amounts of 
F-centers [see, Fig. 4-C and Table I in his 
paper]. This means that the saturated concen- 
tration of A-centers was roughly independent 
of the initial F-center concentrations in the 
case of the heavily colored crystals, and both 
quantities were approximately proportional to 
each other in the case of the lightly colored 
crystals. This result may easily be understood 
if we assume that sodium ions were present 
as an impurity in a form available to generate 
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A-centers by an amount of approximately 
1.3x10'7 cm-? in his specimens. 

4) At present it is difficult to imagine 
the exact processes which would occur in 
crystals during irrradiation in the /-band. 
In the first place, it is not obvious whether 
sodium ions incorporated in crystals are dis- 
persed at random or they are located pre- 
ferentially along dislocations. It appears pos- 
sible that they have a tendency to segregate 
along dislocations which have at least a com- 
ponent of edge character, forming Cottrell 
atmospheres, as their ionic radius is smaller 
than that of potassium ions. Secondly, the: 
fate of Schottky vacancies which have been 
present at high temperatures is not very clear. 
During the quenching of specimens, most of 
the excess vacancies would disappear by being” 
absorbed in existing dislocations or forming 
new dislocation rings. It might also be pos- 
sible that some of the negative ion vacancies. 
are trapped by sodium ions and become im- 
mobile, since then elastic energy associated 
with the vacancies will be somewhat reduced. 
Each of such units, if exists, would immedia- 
tely become an A-center by capturing an 
electron moving in the conduction band. 

We shall now suggest a possible mechanism 
for the formation of A-centers. Photoelectrons 
produced by F-band irradiation at moderate 
temperatures, say at —30°C, will arrive at 
dislocations and become trapped after wander- 
ing about in the lattice. Then a sort of 
rearrangement of ions will occur around each 
electron trapped at dislocations as a result 
of unbalancing of electrical charge distribu- 
tions and a number of positive and negative 
ion vacancies may be created. A negative 
ion vacancy thus created will move in the 
vicinity of a sodium ion possibly in the form 
of a paired vacancy combined with a positive 
ion vacancy. A unit consisting of a sodium 
ion and a pair of vacancies of opposite sign 
will then be temporarily formed. This unit 
will be able to capture another photoelectron 
and the positive ion vacancy will soon be: 
expelled from it remaining behind an A-center. 
The mechanism described above is of course 
highly speculative and so further investiga- 
tion will be required in order to settle this. 
problem. 

5) The authors would like to make a re- 
mark concerning the dichroism of Z:-centers 
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found by Ishiguro et al'®. They observed a 
dichroism to occur in an additively colored 
crystal containing Z2-centers when measured 
with [100]- and [010]-polarized light, after ir- 
radiating with 605my-light or 508 mp-light 
both polarized along the [100] direction. They 
attributed this dichroism to Z2-centers. How- 
ever, it appears more plausible to assume that 
the dichroism was caused by A-centers which 
might happen to occur in their specimen, since 
their dichroic difference spectra agree quite 
well with that characteristic of A-centers de- 
<scribed in the present paper. If our viewpoint 
is correct, the dichroism should disappear by 
warming a similar specimen to temperatures 
in excess of 60°C. It should be mentioned 
here that Chiarotti et al!” observed that di- 
-chroism does not occur when measured with 
[100]- and [010]-polarized light in a similarly 
‘colored crystal, which has been subjected to 
partial bleaching with [100]-polarized light 
absorbed in the Z2-band. Only difference in 
experimental conditions between the two 
works is that Italian workers made the bleach- 
ing at —95°C, while the Japanese workers 
made the irradiation at room temperature. 
Therefore, it seems likely that in the Italian 
Specimens either there was not an appreciable 
amount of sodium impurity, or A-centers 
were not produced owing to the low temper- 
ature even if a fairly large amount of sodium 
was involved. 
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The crystals growing from aqueous solutions of alcohols (methanol, 
ethanol, iso-propanol, m-propanol, ethylene glycol, propylene glycol, and 
glycerol) were photographed with ordinary and movie (16mm) cameras 
through a microscope. 

The sample was cooled by the use of liquid oxygen (or nitrogen). 
The temperatures measured by thermocouples were recorded automatically. 

Crystal forms were classified into two main groups, 7.e., hexagonal 
crystal and cubic crystal. To the former belong hexagonal fernlike 
crystals, “soft” hexagonal plates, and “soft” spherical crystals, and to 
the latter cubic crystals that appear only in ethanol, n-propanol, and 
iso-propanol solutions. 

Among the cubic crystals, only the one appearing in iso-propanol 
solution was found to show double refraction at temperatures below 
—51°~—52°C. Phase transition does occur in the crystal. The crystal 
systems below and above the transition temperature are most probably 
tetragonal and cubic, respectively, as inferred from the analogy of 
similar phase transition in metals and other substances. 

The results of centrifugal precipitation and the similarity in crystal 
form to snow indicate that the constituent of hexagonal crystals may 
well be assumed as ice. 

What the cubic crystal consists of remains as yet unknown, though 
the fact that various concentrations and cooling speeds always lead to 
phase transition at the same temperature gives a positive proof of the 
definite proportion of constituents (alcohol and water). The growing 
speed of cubic crystals is much faster than that of hexagonal crystals, 
which also seems to suggest that the constituents of cubic crystal are 


the associated molecules of water and alcohol. 


Introduction 


SI, 


There have been only few reports on soft 
hexagonal crystals in aqueous solutions of 
alcohols. Barendrecht”, as far back as in 
1896, found the hexagonal crystal in ethanol 
solution, though he could not confirm if it 
was ice or not. Recently B. Luyet?) conducted 
studies on the patterns of ice formation in 
some aqueous solutions in connection with 
biological liquids, the results of which are in 
some respects similar to those obtained in 
the present experiment. 

As for the cubic crystals in aqueous so- 
lutions of ethanol, »-propanol, iso-propanol, 
allyl alcohol and aldehyde, several papers 
have been published, but the fact that phase 
transition takes place in cubic crystals in 
iso-propanol solution has never been reported. 

Apart from aqueous solutions, the subject 


of cubic ice has recently been dealt with in 
some papers?®)).), This problem has very 
little to do with our present investigation, 
though Rau’s® observation of cubic ice below 
—72°C and Cwilong’”) and Brewer-Palmer’s 
objection stating that the cubic crystals as 
observed by Rau could not be reproduced 
without the contamination of alcohols, ether, 
or acetone are of great interest. Our results 
support the objection against Rau’s work. 
The main objects in conducting the present 
investigation were to observe the crystals 
developed in aqueous solutions of various 
kinds of alcohols at various concentrations, 
to examine the dependence of their forms on 
cooling speed, to inquire into their structure 
and composition, to measure the growth ve- 
locity, and to study the phase transition of 
cubic crystal which happened to be found in 
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iso-propanol solution. 


§ 2. Experimental Procedures 


The alcohols used were: methanol CH:OH, 
ethanol C:H;OH, iso-propanol (CHs),CHOH, 
n-propanol CH:CH2CH2CH, ethylene glycol 
-CH:(OH)CH:(OH), propylene glycol CHsCHOH- 
‘CH.OH, and glycerol CsH;(OH)s, which are 
all completely soluble in water. The purified 
water used whose specific resistance amounted 
to more than 5x1082cm was prepared by 
the use of ion-exchange resins. 

The apparatus devised for the observation 
is shown diagrammatically in Fig. 1. The 
sample sealed in the vessel is cooled by liquid 
oxygen (or nitrogen) through the intervening 
medium of aqueous solution of ethylene 
glycol, so as not to produce too great a tem- 
perature gradient within the sample. 


To still or movie camera 
through a microscope 


Thermocouple 


—Lig.Oz 


Nz 
SS 7) 
NSS 


= Boca 


Insulator’ 2.’ 
— (Foamstyrene) - 


Light source 


Fig. 1. Experimental apparatus. 

The temperatures, measured by means of 
two 0.08mm Cu-constantan thermocouples, 
fixed at two points 0.6cm and 1.2cm from 
the wall of the vessel, were recorded auto- 
matically. Temperatures at various distances 
from the wall can be obtained through 
extrapolation or interpolation, by assuming 
‘concentric distribution and linear gradient of 
temperature. Cooling speed can easily be 
determined from the tangent of the recorded 
temperature curve. 

The crystals appearing in the sample were 
observed under a microscope with polarized 
or ordinary light and photographed by using 
16mm “ Arriflex” movie camera as well as 
an ordinary camera (Leicasize “ Canon ”). 

In order to prevent frosting, the vessel 
glass was occasionally coated with pure 
ethanol. When this precedure was intention- 
ally put off for some long time, condensing 
water diluted the ethanol, which on account 
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of freezing point elevation caused ice crystals 
to appear on the ethanol solution film. These 
crystals manifested by themselves some in- 
teresting features, as will be discribed later. 


§3. Results and Discussions 


As the result -of a series of observations, 
it was found that crystal forms depend upon 
the concentration and cooling speed (though 
in the case of varying cooling speed the de- 


pendency comes out not simple, as will be 


discussed later). 


When the concentration of alcoho! is rela- | 
crystals | 


tively low (less than akout 35%), 
appearing on the inside wall of the vessel 
grow very rapidly towards the center of the 
vessel and no isolated crystal is segregated 
in the solution. In this case the growing 
edge takes fernlike form when the cooling is 
very slow (1°C/min) (as shown in Photo. 8 (a)), 
but as the cooling speed increases (5°C/min~ 
10°C/min) fernlike structure becomes less and 
less evident (Photo. 8(b)) until the edge re- 
duces to a sharp outline (Photo. 8(c)) as ob- 
served under a low power microscope. When 
the concentration is increased (up to more 
than 35% or so), isolated crystals begin to 
appear not only on the wall but also here 
and there within the solution. 


this vitreous state is maintained for a suf- 


ficiently long time a considerable number of | 


crystal germs make their appearence so that 


(D) 


Fig.2: 


If the cooling 
speed exceeds 15°C/min, the solution turns § 
out so vitreous (supercooled) that no appreci- | 
able crystallization takes place; only, when |) 
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the solution becomes cloudy, or, when the 
temperature is raised again there appear 


crystals somewhat spherical 
(Photo. 6). 


or hexagonal 
The cooling speed of 10°~15°C/min 
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causes the segregation of spherical crystals 
which grow radially from the centers (See 
Fig. 2(C) and Photo. 7). In the case of slow 
cooling speed, 5°C/min or so, there grow 


(a) 
ethylene glycol 507 


(b) 


(e) 
methanol 55% 


Photo. 1. 


Yb i ss 


(a) propylene glycol (b) —50°C 


5294 47°C 
PNOton 2: 
@ | 
(a) | (b) (c) 


n-propanol 90% —24°C  n-propanol 90% —22°C 


(c) —52°C 


(c) (d) 


iso-propanol 80% —52°C 


(h) —52°C @) —sl°c 
propylene glycol 52% 


(j) —49°C 


Fernlike crystals. 


(d). —70°C (e) —88°C 


Fernlike crystal growing to hexagonal plate. 


(e) 


(d) 


ethylene glycol 55% —65°C 
Photo. 3. Growth of hexagonal plates. 
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(a) propylene glycol (b) (c) 
52% —60°C 
Photo. 4. Hexagonal plates for fast cooling speed. 


(a) ethanol 55% + (b) ethylene 
glycol 50% 


Photo. 5. Several fernlike crystals piled up. 


(a) ethylene glycol (b) —68°C (c) —62°C (d) —60°C 
55% —75°C 


Photo. 6. Crystals appearing in the course of warming up the solutions in vitreous state. 


(b) (c) 
etylene glycol 50% —90°C 


Photo. 7. Spherical crystals. 
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hexagonal plates (Fig. 2 (B), Photo. 3). Some- 
times hexagonal plates grow thin at the 
center and thick at the outer edges. When 
the cooling speed is very low, 1°C/min or 
less, there grow hexagonal fernlike crystals 
(Fig. 2(A), Photo. 1) similar to snow crystals. 

It is to be noticed that in any of the above- 
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mentioned cases the segregated crystals are 
mechanically soft, something like ice cream, 
with delicate fine structures. 

The aqueous solutions of ethanol, 2-propanal, 
and iso-propanol have a remarkable feature 
that cubic crystals appear along with hex- 
agonal crystals (Fig. 2(D), Photo. 10). The 


(a) ethylene glycol 35% 
cooling speed 3°C/min 


Photo. 8. 


(b) 6°C/min 


(c) 12°C/min 


Edges of crystals for various cooling speeds. 


(a) (b) 
Photo. 9. 


(a) ethanol 55% 


vee 


Photo. 


(d) iso-propanol 90% —60°C  (e) iso-propanol 90% —60°C 


(c) (d) 


Hexagonal crystals appearing on the ethanol film for frost_prevention. 


(c) iso-propanol 55% 


(f) iso-propanol —80°C 


(surface) 


10. Cubic and tetragonal crystals. 
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(a) (b) (c) 
iso-propanol 5574 —60°C 


Photo. 11. Tetragonal crystals showing double refraction in iso-propanol solution. 


(a) —57°C (b) (c) (d) (e) 


40°C (g) (h) (= 60ee (j) 


Photo. 12. Phase transition of the cubic crystal in 55% iso-propanol solution. 


55% —50°C 


Photo. 13. Spiral growth of cubic crystal in iso-propanol solution. 


cubic crystals 


1961) 


in iso-propanol solution is 
further characterized by the fact that they 


exhibit a phase transition at a definite tem- 


perature. 
Details of crystal forms, fine structures, 
and their behavior will be described in the 


‘following, by making reference to Photos. 1~ 


13; 


(a) Fernlike Crystals 
Fernlike crystals are shown in Photo. 1 (a)~ 
(j). It seems that these crystals have three 


‘axes, intersecting each other at angles of 60°, 
-and many thin branches starting from each 
axis grow parallel to the neighboring axes. 
‘Subbranches, parallel to the axis, also grow 
‘from these branches. 
‘curred within one and the same plane, the 
‘branches starting from one axis would have 
‘interrupted the growth of those intersecting 
‘branches which had started from other axes. 


If the growth had oc- 


Actually, however, these branches grow with- 


‘out interruption as far as the periphery of 


-a perfect hexagon, so to say, in concert with 


-one another. 
‘ture, which is really an unartificial work of 
palace 
-be observed 


(j). 


The crystal has a textile struc- 


A fernlike crystals, which happened to 
in the course of elevation of 
temperature, are illustrated in (e), (f) and (g). 
As can be seen from these pictures, the main 
branches that remain after the subbranches 


‘have disappeared mainfest the above-men- 
‘tioned textile structures. 


For the sake of 
contrast, the fernlike crystals in the develop- 
ing stage are shown in Photos. (h), (i) and 
These were obtained likewise as the 


temperature was being elevated. One may 


-ask why the crystals can grow during tem- 


perature elevation. The reason™* is this: 
Before the temperature was raised, the solu- 
tion had been cooled rapidly down to a tem- 
perature somewhat below the freezing point, 
so that the excess water began to form ice 


-crystals which kept on growing until temper- 


ature reached the freezing point, that is, 
until the remaining solution attained the equi- 
librium concentration. The mode of crystal 
growth is very similar to the case where the 


-solution is cooled down sufficiently slowly 


(see Photo. 1 (a), (b)). 
A fernlike crystal growing into hexagonal 


‘plate is shown in Photo. 2. Propylene glycol 


* Full discussion will be given later. 
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solution was first cooled very slowly, when 
a small fernlike crystal appeared (a). While 
the cooling was continued, the crystal grew 
bigger and bigger ((b) and (c)). At this point 
more liquid oxygen was added to increase 
the cooling speed, then the fernlike crystal 
developed into a hexagonal plate ((d) and (e)). 
(Notice: These crystals are viewed from 
a direction oblique to the crystal plane.) 


(b) Hexagonal Plates 

In the case of moderate cooling speed (5°~ 
10°C/min), hexagonal plates are formed. 
Within this range of cooling speed, relatively 
slower speeds yield big crystals, but small in 
number (Photo. 3), while faster ones produce 
a number of small hexagons! plates (Photo. 4 
(a), (b) and (c)). 

Hexagonal plates are constructed of several 
fernlike crystals piled up together. This 
state of affairs can be seen most clearly in 
Photo. 5(a) and (b). (a) is an example of 
a few fernlike crystals piled up together, 
whose lateral positions are a bit displaced 
from one another. 


(c) Spherical Crystals and the Freezing Front 

If the solution is subjected to very fast 
cooling speed (more than 15°C/min), and 
cooled down to the temperature far below 
the melting point, vitreous state is achieved. 
In this state no crystallization takes place 
unless it is brought to higher temperatures 
or is kept at that temperature for a very 
long time. Phote. 6 illustrates the crystal 
growth in (55%) ethylene glycol solution first 
brought to vitreous state and then warmed 
up. Photo. 7 shows the spherical crystals 
appearing in ethylene glycol solution, which 
grew at the cooling speed of 12°C/min. 

Photo. 8 shows the front of crystals which 
grew from the wall of the vessel towards 
the center of the vessel. The differences in 
form are due to the variation in cooling 
speed. Cooling speeds corresponding to (a), 
(b) and (c) are 3°C/min, 6°C/min and 12°C/min, 
respectively, which, if isolated crystals had 
appeared, would have yielded fernlike crystal, 
hexagonal plate, and spherical crystal, re- 
spectively. Here, however, no isolated crystal 
was segregated owing to low concentration 
of alcohol. 


(d) Hexagonal Crystals on Ethanol Surface 
In order to prevent frosting on the upper 
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and lower glasses of the vessel, pure ethanol 
was coated on the glass occasionally. Coating 
has to be repeated at proper intervals, or 
else condensation of water vapor lowers the 
ethanol concentration. When the concentra- 
tion is lowered, the freezing point is elevated 
and crystallization takes place on the coated 
film (Photo. 9 (a) and (b)). These crystals are 
floating on the film and can change their 
positions, as can be seen in the photographs. 
Their size and number increase very rapidly 
until finally all the surface is covered by ice 
crystals ((c) and (d)). In (d) very remarkable 
steps of growing are noticed. 


(e) Cubic Crystals and Phase Transition 

In ethanol, m-propanol and_ iso-propanol 
solutions, cubic crystals grow together with 
hexagonal crystals. 

They are shown in Photo. 10 (a), (b) and (c). 
The crystals in m- and iso-propanol solutions 
show textile structure with ice “threads” 
running parallel to the diagonals or edges, 
while no fine structure can be observed in 
the case of crystals appearing in ethanol 
solution. In iso-propanol solution there also 
appear cubic crystals in plate form, as shown 
in (d) and (f), the latter being those appearing 
on the surface of frost-preventing iso-propanol 
film coated on the glass. The crystals in 
iso-propanol solution have a further character- 
istics that at the temperatures above —51°~ 
—52°C they remain cubic, so that no double 
refraction can be detected, but below —51°~ 
—52°C they exhibit double refraction. This 
phase transition involves the transformation 
of cubic into (most probably) tetragonal*. 

Photo. 10(e) shows the double refraction 
observed with crossed polaroids. In Photo. 11 
are shown two tetragonal crystals intersecting 
at 45° interposed between crossed polaroids. 
In (a) the crystals are located such that 
crystal A appears with maximum brightness, 
while crystal B appears dark. The direction 
of vibration of the incident linearly polarized 
light is indicated in Photo. (a) by an arrow. 
If we rotate the crystal by 45° either clock- 


* By the optical method alone, it is impossible 
to determine the crystal system to which the crystal 
below the transition temperature belongs. However 
from the analogous phase transitions frequently 
observed in metals and other substances, it may 
well be inferred that the system in question is 
tetragonal. 
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wise or counterclockwise, the crystal A be- 
comes dark while B becomes bright (Photos. 
(b) and (c)). The brightness alternates be- 
tween A and B at each 45° rotation. The 
crystal axes lie obviously in the diagonal 
directions. 

Successive stages of phase transition are 
illustrated in Photo. 12 (a)~(j). (a) is the 
crystal exhibiting the double refraction at 
—57°C; (b) is the same crystal photographed 
by ordinary light. When the temperature is 
gradually elevated, the temperature gradient 
being positive toward the right, the crystal 
begins to lose its brightness successively from 
right to left, as soon as the temperature 
exceeds —51°~—52C° ((c), (d) and (e)), until 
the whole crystal turns out dark. This final 
stage, as seen with ordinary light, is repro- 
duced in (f), which is similar to (b) and shows 
that the crystal has undergone no appreciable 
change in external appearance during phase 
transition. The process of phase transition 
is completely reversible, as is evidenced by 
(g), (h) and (i). (j) is again the same crystal 
as seen with ordinary light. 

Phase transition of cubic crystals occurring 
at —51°~—52°C was invariably observed for 
various concentrations of iso-propanol and for 
different cooling speeds, which fact leads to 
the conclusion that the cubic crystal consists 
of definite proportions of constituents (alcohol 
and water). For precise determination of 
constituents and structure, more extensive 
studies, such as X-ray analysis, the measure- 
ment of specific heat, latent heat, dielectric 
constant, and so forth, will have to be carried 
out. 


(f) Spiral Growth 

In case the cooling speed is very slow, 
figures of spiral growth are observed on each 
of the six planes of the cubic crystal appear- 
ing in iso-propanol solution (Photo. 13). So 
long as the cube is very small, there is only 
one spiral figure on each plane ((a), (b) and 
(c)). As it grows bigger, however, spiral 
figures increase in number on each plane ((d) 
and (e)). Photos. (e) and (f) show the same 
growing crystal viewed from the same side; 
only, in the former the microscope is focused 
upon the outer surface of the crystal, while 
in the latter upon the interior surface. Thus: 
we see that the spiral growth takes place at 
the surface, while the internal texture runs 
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parallel to diagonals or edges. What kind 
of role such textural structure plays is still 
open to question. 

When the growing speed is high, layer-by- 
layer growth was observed visually as well 
as by means of movie camera. 


(g) Centrifugal Precipitation 

With a view to separating crystals from 
the solution, use was made of a centrifuge. 

Ethylene glycol solution was poured into 
a glass vessel, in which an inner container 
whose bottom was made of fine brass-wire 
net was inserted (Fig. 3(A)). This then was 
cooled in a cold box down to the temperature 
more than 70°C below zero. The frozen 
sample together with the inner container was 
removed into a metal vessel (Fig. 3(B)), set 


Inner 
container 


Initial 
solution Glass vessel 


Final A 


metal vessel 


(A) 


Fig. 3. 


Table I. Concentrations of ethylene glycol 

before and after centrifugal separation. 
: ; | Final 

Initial == : = 

| A B 

50% =| Ss«i89.0% |S 86.59% 

40% | ——-25:0% | 51.5% 

30% | 4.5% | 41.5% 

20% 3.5% 30.090 


in a centrifuge, and was made to revolve 
with centrifugal acceleration amounting to 
1500g for about 5 to 12 minutes. The solution 
passed through the net and was collected in 
the metal vessel, while in the inner container 
there remained solid crystals. Had we put 
the sample to revolution for too long a time, 
the whole sample would have melted, since 
the centrifuge was operated at room temper- 
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ature. Table I gives the concentration of 
ethylene glycol of the initial solution and 
those after centrifugation in the inner con- 
tainer (A) and in the metal vessel (B). It is 
evident from this table that a large proportion 
of water has been separated from the solution 
to the crystal. The less the concentration of 
the initial solution, the more marked increase 
in water percentage in the inner container 
results. Since with increasing concentration 
the freezing point lowers and hence the 
solution becomes more and more viscous, longer 
time is required for the separation of solution, 
so that the limitation of the separating time 
by the above-mentioned reason causes the 
incomplete separation for higher concentra- 
tions. 

There is now no room for doubt that the 
hexagonal crystal consists of ice, which can 
also be inferred from the similarity in crystal 
form to snow. As for the cubic crystals, no 
satisfactory separation could be achieved, 
since they are so brittle that they could not 
withstand the filtration. 


(h) Growing Speed 

The growing speed of a crystal from a 
solution depends on the degree of supercooling, 
diffusion velocity of the molecules, heat con- 
ductivity of the medium through which the 
heat liberated on crystallization flows away, 
and other factors. 
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Fig. 4. Rate of growth. 


The size of crystals in 50% ethylene glycol 
solution is plotted against time in Fig. 4. 
One sees that crystal size increases linearly 
with time. The growing speed of hexagonal 
plates is the greatest, next come spherical 
crystals, and fernlike crystals grow most 
slowly. Growth in thickness of hexagonal 
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plates has nearly the same speed as fernlike 
crystals. The crystal forms arranged in the 
order of decreasing amount of supersaturated 
water molecules are: spherical, hexagonal, 
and fern like. The highest growing speed is 
therefore to be expected for spherical crystal, 
so long as the degree of supersaturation is 
concerned. The fact is however contradictory 
to this expectation. In order to explain this 
discrepancy, diffusion velocity has to be taken 
into account. As mentioned before, spherical 
crystals are produced in the case of high 
cooling speed. Since, then, the temperature 
descends so low that the solution becomes 
highly viscous, slow diffusion of water 
molecules will result and consequently over- 
compensate the degree of supersaturation. 

In Fig. 4 the broken line represents the 
growth of a hexagonal plate, which happened 
to be formed on the tip of the thermocouple. 
The large growing speed in this case can 
well be accounted for by assuming that the 
removal of heat liberated on crystallization 
was favored by the conduction through the 
thermocouple wires. Similar effects were ob- 
served for crystals growing in the solutions 
of other alcohols. 

The growing speed of cubic crystals proved 
several times faster than that of hexagonal 
crystals. This may be interpreted as due to 
small latent heat of fusion. In view of the 
theoretical expectation that the cubic crystal 
transformed from tetragonal system is in a 
disordered state, 7.e., similar in character to 
the liquid state, smallness of heat of fusion 
is not an arbitrary assumption. The conclu- 
sion mentioned before that the constituent 
of cubic crystal must be the associated mole- 
cule of alcohol and water is also consistent 
with the rapid growth of cubic crystals, since 
the segregation of pure ice or alcohol crystal 
from the solution involves the process of ex- 
traction so that only limited supply of crys- 
tallizing elements is expected. 


(i) Factors Governing the Crystal Forms 

The freezing curve for aqueous solution of 
alcohol is, in general, of the form as shown 
in Eigse D: 

If the solution, whose initial state is re- 
presented by P, is cooled, it goes down the 
path PA, parallel to the temperature axis 
without changing its concentration, and when 
the temperature reaches JT, freezing will 
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begin to take place. In most cases, however, 
crystallization actually occurs somewhat (some- 
times far) below the freezing temperature on 
account of supercooling. Point B in Fig. 5 
indicates the supercooled state where the 
segregation of crystal commences. The 
freezing path there after can no longer be 
parallel to the temperature axis but follows 
various directions depending on the velocity 
of cooling. If the temperature is kept con- 
stant at T’,, the concentration of the solution 
varies along the path BD until the equilibrium 
state is achieved at point D where the growth 
of the crystal ceases. In the case of 
extremely large cooling speed, the solution 
reaches the vitrified state following the path 
BG, without segregating any crystal. For 
intermediate cooling speeds paths such as BF 
or BE will be realized. 


Ta Sanaa Te ee 
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Fig. 5. Freezing curve of; aqueous solution of 
alcohol. 


Horizontal distance from a point on the 
path to the freezing curve is a measure for 
the amount of supersaturated or supercooled 
water molecules, which play a role similar 
to supersaturated water vapor in the growth 
of snow crystals. In fact, the phenomena 
which present a close resemblance to the 
growth of snow crystals were observed. For 
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instance, the crystal shown in Photo. 1 (b) 
grew under the following conditions. The 
solution was cooled to —25°C and then the 
temperature was kept constant. At the earli- 
er stage of growing, there must be sufficient 
number of supercooled water molecules in 
the solution for the crystal to grow into a 
fernlike form. But as the growth of crystal 
proceeds, the quantity of supercooled water 
becomes smaller and smaller until the tem- 
perature reaches the equilibrium point, at 
which no supercooled water remains. The 
crystal form then undergoes a change, namely, 
a hexagonal plate manifests itself at the ex- 
treme edge of each branch. This state of 
affairs has a striking resemblance to the case 
of snow crystals which grow to fernlike 
crystals under high vapor pressure while to 
hexagonal plates under low vapor pressure. 

Thus, the growth of ice crystals from 
solution may be treated in a way analogous to 
the growth of snow crystals. 

At the beginning of this section it was 
noticed that in the case of varying cooling 
speed, crystal forms are not uniquely deter- 
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mined by the concentration and cooling speed 
only. This situation is now clear, since the 
degree of supersaturation of water is to be 
regarded as a predominating factor in deter- 
mining the crystal form. 
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A gas thermometer with constant bulb temperature has been devised 


to renew determination of Kelvin temperature of the gold point. 


For 


the thermometer gas to be of a definite volume, the gas*is isolated from 
the manometer by mercury seal in a capillary U-tube with which device 
the gas pressure is obtained indirectly by applying due correction to the 
pressure read on the manometer when the isolation is deleted by lowering 


the sealing mercury to the bottom of the capillary U-tube. 
of the apparatus and measuring principle are given. 


Description 
This method of 


determining the gas pressure is applicable to gas thermometer of any 


other type. 


Introduction 


§1. 

For the revision of the International Practical 
Temperature Scale of 1948, temperature de- 
termination of defined fixed points, the gold 
and silver points in particular, is of major 
importance. The values given to the gold 
and silver points are based on the historical 
experiments by A. L. Day et al. about fifty 
years ago. Urged by the Comité consultatif 
de thermométrie, C.I.P.M., a few laboratories 
are now revising the determination on the 
gold and silver points by gas thermometer. 
The results on the gold point so far obtained 
at the Tokyo Institute of Technology in 1956” 
and 1958” and at the Physikalisch-Technische 
Bundesanstalt?) in 1957 are not consistent with 
each other; there is a discrepancy of about 
1 deg though the accuracy of all these de- 
terminations was asserted to be 0.1 deg. To 
clear the matter, the determination was 
renewed by using this time a newly installed 
gas thermometer with constant bulb temper- 
ature developed at the Physikalisch-Technische 
Bundesanstalt.” Recently, the Mendeleev 
Institute of Metrology® published results on 
the gold point, the value of which is close to 
that of the P.T.B. 


In constant volume gas thermometry for 
high temperature, there are two major sources 
of error, one is due to gas desorption on the 
walls of gas thermometer bulb when its 
temperature is raised to a high temperature 
to be measured and the other to dead space 


in the mercury manometer. The former will 
be greatly reduced by introducing the constant 
bulb temperature method and the latter by 
isolating the thermometer gas from the mano- 
meter by using a mercury seal in a capillary 
U-tube as H. Moser‘) devised. 

It seems that H. Moser et al.*) achieved 
the measurements with the constant bulb 
temperature gas thermometer, reducing the 
pressure measurement to volume determi- 
nation and using their original differential 
manometer. The content of 21cm? of their 
thermometer bulb seems however too small, 
and, for larger bulb, their method of pressure- 
volume reduction is not easily applicable. 
Thin diaphragm of beryllium copper or 
phosphor bronze for example is of use to 
isolate the thermometer gas from the mano- 
meter, but the exact volume of the space 
necessary for the construction of the dia- 
phragm will be difficult to measure with 
sufficient accuracy. 


With the newly devised gas thermometer, 


the pressure of the thermometer gas is 
measured indirectly. 


§2. Measuring Principle 


In the constant bulb temperature method, 
the thermometer bulb is kept always at the 
temperature that is to be measured, and the 
auxiliary bulb, the content of which is made 
variable, at a reference temperature, the 
temperature value of which is to be known 
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on the thermodynamic temperature scale. 
Schematic diagram of the gas thermometer 
is shown in Fig. 1. V is a double-walled 
thermometer bulb, inner volume of which is 
V; at temperature ¢ which is to be measured, 
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m of very fine bore filled with mercury isolates 
the gas in inner bulb from that in outer bulb 
when the head of the mercury is raised the 
U-tube serving as a differential manometer 
for rough indication of gas pressures in inner 
and outer bulbs. The parts v1, ve, m and 
connecting capillaries are kept at a constant 
reference temperature ¢, in a water thermostat 
W. A mercury manometer M with a standard 
scale S, is connected to the right hand side 
of m by a capillary. 

The thermometer gas is introduced into the 
setting to the pressure of about latm with 
the heads of mercury at zero levels O: and 
O: in bulbs vi and vz respectively and in U- 
tube m at level c just under the bend. In 
this state, called State I-1, v.=v2=0, and the 
whole gas in the thermometer is at the same 
pressure p which is read on the manometer 
M. The mercury is then raised in m to 
mark a isolating the gas in the thermometer 
inner bulb. In this state, called State I-2, 


Schematic diagram 
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and vi is an auxiliary bulb connected to the 
thermometer inner bulb, its volume 7: is made 
variable with mercury. Volume v2 of another 
auxiliary bulb connected to the thermometer 
outer bulb is made likewise. Capillary U-tube 


Vac. 


To gas 
reservoir 

and 
vac, pump 


SSS SSS SSS SSE 


of the gas thermometer. 


the pressure P:; of the gas in the inner bulb 
is obtained with a correction on p due to the 
volume of the capillary between a and c, 


that 1S vac, as 
Vs 
(F) HT: 


Vac Sabie eee 
ey 


Vi Tr VED 

where J and 7; are Kelvin temperatures of 
t and ¢, respectively, vs is the volume at 
temperature ts of the s-th part of the capillary 
of the thermometer bulb from the top level 
of the electric furnance to the side box wall 
of the water thermostat, and v; is the rest 
of the volume of the capillary to the marks 
O, and a in the water thermostat at temper- 
ature t,. With the present setting, this cor- 
rection will be less than 0.1%. 

Next, the mercury in the bulb vi is drawn 
out into the reservoir R: till the pressure of 
the gas is reduced to about one half of that 
in State I. The mercury in the bulb v2 -is 


P.=p| 1+ 
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also drawn out into the reservoir R: to bring 
the mercury heads in m back to their original 
level a-b. In this state, called State II-1, the 
volumes vi and v2 at temperature ¢, are de- 
termined by the increase in weights of re- 
spective reservoirs. The pressure p’ of the 
gas in the thermometer outer bulb is then 
read on the manometer M. The pressure P2 
of the gas in the thermometer inner bulb now 
becomes close to p’. 

The two mercury heads in m are then 
lowered from a-b to c whereby the gas 
pressures in inner and outer bulbs become 
equalized. In this state, called State I-2, 
the pressure p’”’ is read on the manometer, 
and the accurate value of P: is now obtained 
by calculation with due correction. 

If we take the unit of volume as pu=1 for 
p=1 atm anda? =To—273. 15-1 s the ice point, 
the mass conservation equation for real gases 


is 
>| ia = B22 p) |=const.* P (2) 


dG ae 


where B; is the second virial coefficient of 
the gas at temperature f. 

In State II-1, the gas is in two parts; for 
the one at pressure P2 we put 


r2((-aBn) 


and for the other at pressure p’ 


ee IE eS CNS 
van Bint’) 


V2 Vr’ To , 
+ (Ft Fl Bae) 
Vs To 
1—B;’ ig 
i =( ‘ ( Ty? )). 


Ts 
Um To ~ 
5) rl But) 
where V’ is the volume of the space between 
the walls of the gas bulb at temperature f, 
vs’ is the volume of the s-th part of the con- 
necting composite tube to the outer bulb from 
the top level of the furnace to the side box 
wall of the water thermostat, v,’ is the total 
volume of the capillaries in the water thermo- 
stat to the marks O: and b, and vy is the 
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volume occupied by the gas outside the water | 
thermostat to the manometer at temperature | 
tw. Then we have for the whole gas in | 
State II-1 or State II-2 


PU+P'U' =p"(ULU + +4), (5) 


from which we have the value of P2 as 


/ Vaeo/ Tr 
U 


| 
+p 7’ 
(6) 
where v.cr is the volume of the capillary U- 
tube between the levels a-b and c which is | 


determinable with sufficient accuracy, and 4 | 
is a small quantity which is 


A= (Bat \T(P—b) 


Se a TA TRE (OG / 
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4 is negligibly small for the pressure difference 
between P: and p’ or p”’, the difference being 
smaller than 10 mmHg. )p” is about 3830mmHg 
and p’—p” remains within 3mmHg at the 
most if the mercury heads at a and b are 
kept level. The pressure can be determined 
with an accuracy of 0.01 mmHg by the mano- 
meter M. Hence, for obtaining the exact — 
value of P2 it is sufficient to have the value | 
U’ with an accuracy not lower than 1/300, | 
the value of which is not easy to be measured 
with high accuracy. Strictly speaking, U’ is 
not the same in State II-1 and State II-2, or | 
in rasing and lowering the mercury in the 
U-capillary, for there may be some difference 
in shapes of the meniscus of mercury in the 
lower manometer level, but this uncertainty 
in U’ is less than the said amount of 1/300, | 
even if there were a difference of 0.3mm 
in the heights of the meniscus of mercury | 
which is not likely to happen in the present | 
measuring method with the manometer tube | 
of 20mm in diameter. Hence, the value of | 
the pressure P: of the thermometer gas is — 
determined with sufficient accuracy. 

For the thermometer gas, the mass of which | 
remains the same in State I-2 and State II- | 
1, we have the relation 


P,U:=P.U; , (8) | 
where U; is U of Equation (3) in which 2; | 
and P; are replaced with vi and P; re- 
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spectively and U2 is that in which » is re- 
placed with vi2. For practical measurement, 
it is not essential to keep the mercury head 
exactly at the level O: in the bulb v; in State I. 
Hence, vi: and viz are the volumes measured 
from O: in State I and State II respectively. 
Neglecting correction terms of the second 
order in Equation (8), we obtain Kelvin 
temperature TJ from the following relation: 


r=7,(F -1) Vi A 


(9) 


P2 Vi2tUr B $ 
where 
aaa To 
A=1— Bi (Pit Pa) (10) 
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Bet Pi vitor & 1) ‘pe 
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x — |) — B-—P.2. te 
2 en De : \ ) 
V; is determined from the relation 
Vie VoleeAL ae (12) 


where Vo is the volume at 0°C and 4 is the 
mean expansion coefficient between 0° and 
t°, the latter being determined from the mean 
linear expansion coefficient of a piece of rod 
of the same material the bulb is made of. 

The measuring method described here is 
also applicable to gas thermometer of any 
other type. 


§3. Description of the Apparatus 


The double-walled thermometer bulb V is 
made of silica glass. The inner bulb, 28mm 
in inner diameter, 168 mm in length and about 
100 cm’ in volume, is joined to a silica capil- 
lary of 0.5mm bore. The outer bulb, 49mm 
in outer diameter and 185mm in length, has 
a silica neck tube of 10mm in diameter and 
430mm in length, encasing the capillary of 
the inner bulb. The top of this neck tube 
and the capillary are made into a conical 
joint by thickening the wall of the capillary. 
A silica capillary of 1mm bore is joined to 
the side of the neck tube at its top. Each 
of the above two capillaries is fused on to a 
pyrex capillary of the same bore inside the 
side box of the water thermostat W extending 
to the capillary U-tube m of 0.5mm _ bore. 
These two capillaries have each a branch 
capillary through which the inner and outer 
bulbs are connected to the auxiliary bulbs vi 
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and v2 of pyrex glass with cylindrical copper 
casing. All the three parts, vi, ve and m, 
are placed in the water thermostat W and 
are provided with mercury reservoirs Ri, Re 
and Rs respectively. 

The mercury manometer M is of U-tube 
type of 20mm bore; its available range is 
20mmHg at 1 and 0.5atm pressures. The 
whole of the manometer column which is of 
pyrex glass is encased in a_nickel-plated 
copper cylinder of 45mm in diameter. The 
mean temperature of the mercury column is 
measured with two platinum resistance thermo- 
meters T: and T2; their platinum wires are 
stretched alongside the column from the 
lower mercury level to the heights of 760 mm 
for Ti and 380mm for T:. Each thermo- 
meter comprises two parallel straight platinum 
wires fused together at their ends, the thick- 
ness of the wires being so chosen that the 
total resistance becomes about 250. The 
platinum wires and their lead wires are 
sandwitched between two thin and long 
copper pieces of semi-circular cross section 
with mica insulation and inserted into the 
manometer casing through 4mm hole in its 
top cover. Construction of other parts of 
the manometer is similar to that described 
in a previous paper.” 

The electric furnance F, in which the 
thermometer bulb is heated and kept at 
temperature ¢, is the same as used previously 
by the author,” except for a subsidiary heater 
which is added around the bulb neck tube at 
the top end of the furnace to prevent from 
any temperature gradient along the silica 
capillary in the furnace being produced. 

The water thermostat W is of 50 lit capacity, 
the temperature of which is kept constant 
and uniform by pump circulation and with 
a temperature regulator. The temperature 
is determined with a standard platinum re- 
sistance thermometer Ts placed inside the 
casing of vi. 

The gold point determination carried out at 
the Physikalisch-Technische Bundesanstalt®” 
in Germany and at the Mendeleev Institute 
of Metrology® in U.S.S.R. will be discussed 
in a succeeding paper. 

The author wishes to express his hearty 
thanks to Dr. H. F. Stimson of the National 
Bureau of Standards in Washington, Pro- 
fessors H. Moser and J. Otto and Dr. W. 
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Thomas of the Physikalisch-Technische Bun- 
desanstalt at Braunschweig for their kind 
discussion on gas thermometry after which 
he completed the device of the present gas 
thermometer. 
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The anomaly at low temperature in the proton 
resonance of some nickel salts including Ni(NHs3).Cl, 
and NiCl,-6H,O has been observed by Kim and 
Sugawara!). In the case of NiCl,-6H,O, it has 
been shown that the anomaly is due to the antiferro- 
magnetic ordering?). The magnetic susceptibility 
of Ni(NH3)sCl; powder becomes nearly constant in 
the temperature range between 1.2°K and 1.6°K®*. 
These phenomena may be explained by the spin 
ordering, though there may be another explanation 
by the splitting of the lowest spin levels. 

The crystal structure of Ni(NH3).Cl, and 
Ni(NH3)¢Bre2 is K:PtCle types’, and nickel ions each 
of which is surrounded octahedrally by six NH; 
molecules form a face-centered cubic lattice. The 
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Fig. 1. The molal heat capacity of Ni(NHs)¢Cle. 
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Fig. 2. The molal heat capacity of Ni(NH3)¢Bro. 
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ordering above 1°K in such a spin system, if 
occurred, is unusual, and the ordering of the face- 
centered spin system may be interesting theoreti- 
cally. These facts lent an impetus to our specific 
heat measurements of these salts between 1.1°K 
and 4.0°K. 

The results of measurements are shown in Fig. I 
and Fig. 2. The solid line shows the calculated 
Schottky specific heat assuming the Stark splitting 
of the ground state shown in the figure. It has 
been observed by the electron spin resonance ex- 
periments of Ni(NH3).Cl, at liquid nitrogen tempera- 
ture that the symmetry of the crystalline field 
changes at 74°K from the cubic to the lower one 
as temperature is lowered®). This fact together 
with the color changes of these salts at liquid 
nitrogen temperature is thought to be the results of 
the phase change at these temperatures and to be con- 
sistent with the deviation of the level scheme from 
the cubic symmetry as shown in Fig. 1 and Fig. 2. 
The discrepancy of the values of the level splitting 
between ours and that given by Watanabe?) is 
thought to be due to his little consideration of the 
spin ordering. 

In Ni(NH3)¢Clo, the specific heat curve has j-type 
anomaly at 1.5°K probably due to the cooperative 
phenomenon of the spin system. This result is 
consistent with the recent observation by Poulis 
that the proton resonance absorption line of a 
Ni(NHs3)¢Cly single crystal splits below 1.5°K”. The 
discrepancy between the observed value and the 
calculated curve of Ni(NH3)sBrz may be attributable 
to the short range order of the cooperative pheno- 
menon. The specific heat measurements below 1°K 
are necessary to ascertain it. The results in detail 
will be reported in a forthcoming paper. 
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The Relaxation Phenomena in Polyelec- 
trolytes Solutions 


By Noboru NISHIDA 
Premedical Course, Sapporo Medical College 
(Received July 27, 1961) 


The stability of a lyophylic sol in water is de- 
termined by two factors, that is, layer of water 
molecules and its electric charge. Small amount 
of the electrolytes have no coagulating effect on a 
lyophilic sol (c. f. agar sol)!). It is evident that 
other factor, in addition to the charge, may play 
a role in determining the stability of the sol. The 
fact that a lyophylic sol becomes sensitive to elec- 
trolytes as well as to alcohol supports the above 
conception. Alcohol may remove the stabilized 
layer of water from a lyophylic sol. Polyelectro- 
lyte aqueous solutions also show the same _ phe- 
nomenon. 

In order to obtain an information concerning 
these mechanisms, the dynamic relaxation phenome- 
non in aqueous solutions of sodium carboxy-methyl 
cellulose (Na-CMC, the degree of etherification c.a. 
0.7) is studied. The 1% Na-CMC aqueous solution 
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Fig. 1. Dynamic modulus vs. temperature for 
Na-CMC aqueous solutions of various ethanol 
additions. 
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Fig. 2. Dynamic modulus vs. temperature for 
Na-CMC aqueous solutions of various salts ad- 
ditions. 
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is used as an original solution. Ethanol is used as 
the dehydrating agent and sodium chloride, mag- 
nesium chloride as neutralizer of electric charge. 
Dynamic viscoelasticity of these samples is meas- 
ured at the frequency of 500c.p.s., over the 
temperature range of 0°C-50°C using the electro- 
magnetic transducer method?) with plate vibrator 
and the alternating current bridge. The results 
are shown in Figs. 1, 2. Because of both ionization 
groups and hydroxyl groups of Na-CMC, in the 
concentrated solution, the ionic interactions between 
the polyions?) and the solvation effect on the poly- 
mer become stronger and may play an important 
role in the viscoelastic!).4) properties. The charac- 
teristic shapes of the relaxation curves for the 
original solution, in Figs. 1, 2, seem to be expected 
from the above conception. When ethanol is added 
to the original solution, one relaxation mechanism, 
appearing at lower temperature, is not affected 
essentially, but the other, appearing at higher tem- 
perature, seems to disappear gradually with the 
increase in ethanol amount. This phenomenon 
seems to be explained as follows; the ethanol 
affects on the hydration, and decreases the interac- 
tion between solute molecules and solvent molecules. 
The former is affected by NaCl and MgCl, but 
the latter is not affected essentially by them. The 
absorption curves observed in the same time also 
support the above consideration. The dependency 
of the magnitude of dynamic modulus on the amount 
of the NaCl or MgCl, seems to indicate that this 
phenomenon depends on the charge of ion. The 
relaxation mechanism, appearing at lower tempera- 
ture, seems to be due to mainly the ionic interac- 
tions between the ions. From the view-point of the 
mobility of polymer molecules it does seem rather 
reasonable to consider that the relaxation mecha- 
nisms due to hydration appears at higher tempera- 
ture, and the phenomenon associated with ionic 
interactions may appear at lower temperature. 

The auther wishes to express his hearty thanks 
to Profs. J. Furuichi, M. Kaneko, S. Sugai, Y. 
Terayama for their continuous advice and encour- 
agement. 
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Observation of Optical Maser 
Qscillation in Ruby 


By Kanji KUBOTA and Kazuo HAYASHI 


Fundamental Research Laboratory, Nippon 
Electric Company, Kawasaki 


(Received July 31, 1961) 


Recently, stimulated emission and relaxation oscil- 
‘lations were observed for the fluorescence from the 
ruby rod whose ends were silvered!).2). 

This note reports the observation of these pheno- 
mena for ruby by using multiple dielectric layers 
‘tuned in the wavelength of the fluorescence (6943 A) 
as mirrors of the maser cavity. 

The samples of Linde Al,O3 containing 0.057% 
Cr.03; were prepared in the form of rods, cut 60° 
with the C axis. The ends were polished flat and 
‘parallel, and were deposited with optical thin films. 
‘Details of them are given in Table I. 


Table I. Figures of the samples. 

sample 1 sample 2 

ate 4mm dia. 5.5mm dia. 

x40 mm x40 mm 

pep eee 20 seconds 25 seconds 

thin films, 

one end Ag (CeO, + MegF>2) 
| (5% transmission) multiple layers 

other end Ag (ZnS+MegF>) 


(no transmission) multiple layers 


At room temperature, the sample was set in the 
middle of a spiral xenon flash tube made by us, 
which was surrounded by a cylindrical aluminium- 
foil as a reflector. One end of the ruby was sup- 
ported in a cone which allowed emergence only of 
the fluorescence. The decay of this light was 
detected through a filter or a grating spectrometer 
with the photomultiplier on a oscilloscope. 

Under low excitation conditions the trace showed 
an ordinary fluorescence decay of the exponential 
type (Fig. 1(a)). When the energy discharged 
through the lamp exceeded a certain value, the 
trace became of a character entirely different from 
that observed below the threshold. 

These values of input energies were 850 joules 
(sample 1) and 1020 joules (sample 2). Trace (b) 
shows the shape for sample 1 at about 900 joules. 
Break in trace is the maser-output. 

At this time, a red and intense light beam at 
6943 A suddenly emerged from the end of ruby. 
This excess signal in the fluorescence consists of 
a series of short spikes in the emission, called a 
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(a) 


(b) 


Fig. 1. Fluorescence decay curves at different 

pump-power levels. 

(a) Decay of fluorescence for low excitation 
level (sample 2) 
(time scale 2 milliseconds/div) 

(b) Patterns at high excitation level (sample 1) 
(time scale 500 microseconds/div) 

(c) Stimulated emission region (sample 2) 
(time scale 50 microseconds/div) 


relaxation-oscillation. Trace (c) shows that of 
sample 2 at 1090 joules. 

After the pulsed light powerfully excited the 
samples several times, the degeneration of the thin 
films around the center were observed. As the 
reflection coefficients decreased, the threshold 
energies increased to 1200 joules (sample 1) and 1600 
joules (sample 2). However, only the (CeO,+MegF,) 
multiple layers were safe. The heat from the 
lamp or the cavity losses of the maser might cause 
this damage. 

According to the experimental conditions, the 
threshold energy may be much improved?). 

Preparing a sample in which the C axis lies in 
the direction of rod and cooling the sample or the 
lamp will change the efficiency, which are our next 
plans. 

The authors wish to express their thanks to Dr. 


Y. Ishikawa for his encouragement. 
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Frequency Dependence of Ferromagnetic 
Crystalline Anisotropy of Ni,Fe:_-O; 


By Seiji USAMI, Nahonori MIYATA and 
Zenya FUNATOGAWA., | 


Department of Physics, Yokohama National 
University, Yokohama 


(Received August 3, 1961) 


Bozorth et al!) reported previously that the fer- 
romagnetic crystalline anisotropy constant of 
Nio.sFes.2O, at low temperature depended on the 
method of the experiment. They obtained K,= 
—4,2x104erg/cc from the torque method and K,= 
—7.4x104erg/cc from the ferromagnetic resonance 
method at 77°K and attributed the difference to the 
relaxation phenomenon of electrons in the B-site of 
the spinel lattice. 

The interesting character of the ferromagnetic 
crystalline anisotropy of Ni,Fe3;—,O, system, where 
%=0.20, 0.35, 0.52 and 0.75, was obtained recently 


O K; (torque) at 290°K 
Q@ 4 at 90°K 
4 K,(resonance) at 290°K 
at 9O0°K 


Ki: 10° (erg /cc) 


O.8 NiFezOa 
. : 


Fig. 1. K, (torque) and kK, (resonance) ys. com- 
position at 90°K and 290°K. 
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Fig. 2. 4K, vs. composition at 90°K [4K,= 
K, (resonance) — K, (torque)]. 
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by one of the authors?) from the torque method. 

Experiments on the ferromagnetic resonance ab- 
sorption of microwave, 9300 Mc/sec, have been car- 
ried out to obtain the ferromagnetic anisotropy, Ki, 
and K2, and g-value with specimens cut from the 
same crystals used for torque measurements. The 
comparison between them is presented here. 

The anisotropy observed by the resonance method 
shows the similar temperature dependence to that- 
obtained from the torque method: it increases with 
decreasing temperature. But at low temperature: 
its value, K, (resonance)=(K,/M)M, is much smaller 
than that of the latter, K, (torque), as shown in 
Fig. 1. The saturation magnetization M is meas- 
ured for the same specimens. The difference, 4K, 
= K, (resonance)— K, (torque), at 90°K is given im 
Fig. 2. As seen from the figure, 4K, at 90°K is 
nearly linearly proportional to (l1—x) and seems to: 
become zero for pure Ni-ferrite. The quantitative: 
disagreement to the results obtained by Bozorth 
et al’) may be attributable to the difference in the 
density of Fe?+-ions caused by the different method 
of the preparation of specimens. In Fig. 3 4g= 
9(77°K)—(290°K) is plotted as a function of x and 
shows the similar tendency to 4K. 


© Authors 


Healy et al” 
(9300 Mc/s) 
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0. 
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Fig. 3. 4g vs. composition [4g=g (77°K)— 
g (290°K)}. 


Frequency dependence of K; in Ni; Fe3_,,0, men- 
tioned here is in marked contrast to that in. 
Mn,Fe3_,O, system?—4) in which K, does not depend 
on the frequency for, almost all specimens in the 
temperature range between 90°K and 290°K. 

Details of experimental procedures and discus- 
sions will be published in the other papers). 
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Nuclear Magnetic Resonance of Fe’ 
in Fine Powdered Iron 


By Shizuko OGAWA and Setsu MorIMoTO 


Physics Department, Ochanomizu University, 
Tokyo, Japan 
(Received May 11, 1961) 


The observation of NMR of Fe5? in natural iron 
thas been made with a frequency modulated mar- 
:ginal oscillator and a recording system which re- 
produces the second derivertive of the resonance 
line. Particles having diameters less than 1p ex- 
hibited a weak signal intensity. In those cases 
a superregenerative oscillator was used with a 
*quench frequency of 180 kc/sec which resolves side 
band resonances. Particle sizes of commercially 
‘obtained powdered pure iron (1) and the further 
grounded one (2) were measured by photomicro- 
scope. Much smaller particles of iron were ob- 
tained by electrodeposition on a mercury cathode). 
By this method (3), (4) and (5) were obtained in 
varying the current of electrodeposition. These 
particle sizes were measured with an electron- 
microscope. They scattered about 20% around the 
mean value and their shape was spherical. The 
particle size and the internal strain were estimated 
from the broadening of Debye-Sherrer lines with 
a Co Ka radiation observed with a X-ray micro- 
photometer?). The degree of oxidation and impurity 
content were also examined. It is suggested from 
the Table that the line width is sensitive to internal 
strain and particle size. To remove the internal 
strain, samples were annealed at 700°C in vaccum 
system. X-ray investigation of annealed sample 
showed no observable broadening other than caused 
from the geometrical arrangement. 

The line width of NMR for inhomogeneous 
broadening contributing some fraction to total width 
was expressed by Suhl*). The fractional spread 
is dv/v~(E /itT)23M/M, where 0M/M is thermal 
wdeviation in spontaneous magnetization and FH’, is 


Table 
Size Mean Line width 
Fe (A) O10 5) (kc/sec.) 
(1) 108 0.18 50.9+7 
Gon 108 0 Wile@seit 
2) 104 0.26 74.547 
(2)s 108 0 15.442 
(3) 800 0.02 35.445 
(3), 800 0 18.442 
(4) 600 0 26.143 
(5) 250 0 Al A+3 


(). is the annealed sample. 
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anisotropy energy. The average thermal deviation 
of the electronic spin density causing the hyperfine 
field at the nuclei is shown to vary through the 
wall. If the crystal anisotropy energy of 4x105 
erg/cc for iron is substituted for #,, a line width 
of 13 kc/sec is calculated. The experimental value 
of annealed iron (1) was 11 kc/sec which seems to 
agree reasonably with the calculated one. 

The effect of internal strain to line width is 
shown in Fig. 1. From the figure a linear relation 
between the line width and the internal strain is 
observed. The magnetoelastic energy associated 
with the internal stress does not account for the 
amount of the observed broadening and is far less 
than the value. A hydrostatic pressure of 104kg/ 
cm? shifts the iron resonance frequency to lower 
side about 74kc/sec4). This hydrostatic pressure 
will produce a volume change of 0.6%. The volume 
change in the present experiment is calculated 
from the observed internal strain assuming isotropic 
strain, and the width expected from this volume 
change is shown by a solid curve in Fig. 1. 


line width (kc/sec) 
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Fig. 1. 
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The line width of the annealed particle having 
diameter less than 1 ~ became larger as shown in 
Fig. 2. In fine powder the coercive force shows 
similar variation, though it depends variously upon 
particle size, surface coating, packing factor and 
preperation method etc. In iron particle of various 
size coercive force was measured by Meiklejohn®). 
The solid line in Fig. 2 is a calculated curve with 
the value of the anisotropy energy estimated by 
assuming the proportionality to the observed coer- 
cive force. The deviation of this curve from the 
observed result shows the necessity of taking into 
account the increase of thermal fluctuation in 
smaller particles. 

Authors are indebted to Dr. Y. Abe of Tokyo 
University of Education for operation the electron- 
microscope and to Mr. Y. Kashiwase of Tokyo Insti- 
tute of Technology for taking the photograph of 
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Stress Annealing Effect in Cobalt 


By Takashi SAMBONGI and Tadayasu MITUI 


Department of Physics, Faculty of Science, 
Hokkaido University, Sapporo 


(Received May 27, 1961) 


In the foregoing study on the magnetic annealing 
effect!).2).3) in pure Co it was made clear that when 
the specimen is transformed in a magnetic field the 
crystal orientation is so restricted that the (00.1) 
plane of h.c.p. phase makes as small angle with the 
direction of magnetic field as possible. 

This is a preliminary report of our experiment 
to see if a similar effect can be induced also by 
a mechanical stress. 

A Co ingot of purity 99.37% melted and cast in 
vacuo, which was kindly prepared by Dr. Y. Naka- 
gawa of Gakushuin University, was machined into 
a rod of 9.1mm in diameter and 50mm in length, 
and then annealed at 1000°C for a week. The 
specimen was placed in a testing machine and 
heated with an electric furnace. Argon gas was 
passed through the furnace from the lower end 
to prevent the specimen from oxidation. A Pt- 
PtRh thermocouple was attached to the top of the 
specimen to measure the temperature. 

After maintained at 600°C for 2 hours, the speci- 
men was cooled slowly and compression of weight 
ca. 200kg (ca. 4kg/mm?) was applied from above 
the transformation temperature to 350°C. Four 
discs were cut from the specimen; two from the 
the plane parallel (A) and the other two from the 
plane perpendicular (B) to the axis of compression. 
Torque was measured at room temperature with 
these discs by an air-bearing torque magnetometer. 
The results witn discs (A) and (B) are shown in 
Bigg. 

The direction of easy magnetization was found 
to be parallel to the direction of compression in 
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(A), while it is random in (B). The observed torque 
curves in (B) are irregular in their shape and 
the maximum amplitude do not exceed one quarter 
of that in (A). The anisotropy must be an accidental 
one and perhaps comes during disc preparation, 
because any direction in the disc plane makes equal 
angle to the axis of the stress. No further atten- 
tion was paid to discg (B). 


volt x 10° dyne-cm/cc 


oe 


© 20. 40.60 80 100 120 140 160 180 


Angle in Degree 
Fig. 1. Torque curves with discs parallel (A) and 
perpendicular (B) to the axis of compression. 


The origin of the induced anisotropy energy ob- 
served in (A) is probably similar to that of the 
case of the magnetic annealing. In the allotropic 
transformation of Co, the h.c.p. (00.1) plane should 
be parallel to one of the 4 sets of the f.c.c. (111) 
plane. But under a mechanical stress the orientation. 
of the (111) plane to be transformed into (00.1) 
plane will be restricted by the stress and some of 
the magnetocrystalline anisotropy energy will be 
observed. 

Stress dependence of the induced anisotropy 
energy K. was also measured. The magnitude of 
Ky, increases with increasing stress and saturates. 
near at 10 kg/mm?, 

The detailed report will be published later. 
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Heavily Deffused Si pn-Junction 


By Masakatsu TOKUNAGA and Katsufusa SHONO* 


Research Institutes, Yuasa Battery Company, 
Takatsuki, Osaka 


(Received July 12, 1961) 


It is of considerable interest to make a detailed 
study of the behavior of the heavily diffused Si 
pn-junctions!) which do not remain the intermediate 
tm Or v-region, as a result of the compensation of 
the donor and the acceptor impurities. The heavily 
diffused junction, which has the different gradient 
of the compensated impurity density near the center 
of the Si-slices, was adjusted by changing the thick- 
ness of Si-slices as the duration time of diffusion 
was kept constant at 100 hours. Si raw meterials 
of resistivity ranging between 3 and 5 ohm crn are 
used. The first step in preparation is to lap the 
Si-slices into a thickness of 100 to 400 microns. 
The simultaneous double diffusion technique is used 
to process the Si-slices. Here, one of the two faces 
is painted with a solution of phospherous pentoxide 
in methyl cellosolve; the other face is painted with 
a solution of boron oxide in methyl cellosolve. 
After it dries at temperature somewhat higher than 
the room temperature, they are closely stacked on 
edge in an alundum container with like painted 
faces together. Next, they are kept at a tempera- 
ture of 1300°C in an open end furnance. 
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Fig. 1 indicates the breakdown voltages Vy as 
a function of the thickness | of Si-slices. As indi- 
cated by the arrows in the figure, the fluctuations 
in the value of Vy, is rather large for the thick- 
ness | ranging between 200 and 300 microns. This. 
may be due to the irregular variation in thickness. 
of Si-slices and the non-uniform condition of diffu- 
sion process. But the abrupt change of Vy, be- 
tween 200 and 300 microns can be explained by 
considering that, as a result of impurity com- 
pensation, the effective impurity gradient may 


3 


breakdown voitage (V) 
° 
—2—, 


fe) —— 
{o} 100 200 300 400 
thickness. of Sl-slices (micron) 


Fig. 1. Breakdown voltage as a function of the 
thickness of Si-slices. 


vary strongly according to the thickness of Si- 
alices. In case of /<130 microns, it seems that 
V» nearly saturates and it is easily verified that 
this tendency does not depend on the resistivity of 
the raw Si-slices in the range tested. That Vz 
begins to saturate at the thickness J=130 microns, 
corresponds to the fact that the gradient of the 
compensated impurity density near the center of 


l Ve Co 


papiples | (micron) (volt) neat an 
No. 1 300 230 530 x 10- 12 
No. 2 200 90 695 x 10-12 
No. 3 150 30 2460 x 10-12 
No. 4 10 


100 7160 x 10-12 


C; 


Vi N Ex 
(volt) Peer 8) (farad) BR oe) 
0.53 2.6x10% 27x10-2 | 4.1x 108 
OFS 4.91020 55 x 10-12 3.5x 106 
0.71 16 “A102 1370 X10 Pe. O10? 
0.80 


720 x1020 1970x10-32 | 


13.8 x 10° 


the junction has its maximum value at 1=7/8pt 
~130 microns, where D is the diffusion coefficient 
and t is the duration time of diffusion process. On 
the other hand, in case of J~350 microns, V», also 
seems to saturate. This tendency depends on the 
resistivity of the raw Si-slices. For higher resis- 
tivity samples, Vz, becomes higher and the shape 
of pn-junction changes to the prn- or pun-junction. 

The heavily diffused Si junctions in this work 
might be the step junctions where the depletion 
layer extends beyond the transition region. Assum- 
ing that the diffusion constant and the surface 
impurity density of the diffusants are kept constant, 
the relation between the applied voltage V and the 


* Now at | Reseaach Laboratory, Sony Corpora- 
tion, Hodogaya, Yokohama. 


junction capacitance G for the step junction could 
be given as, 


re! Ges Vi) 

C2 Q202r NS? : 
where V; is the internal or “ built 
voltage, q is the magnitude of electronic change, 
é) is the dielectric constant in vacuum, ¢, is the: 
specific constant of Si, N is the donor or acceptor 
impurity density and S is the junction area 
(=10mm?). In Fig. 2, the plots Vvs. 1/C? are 
given for four samples. From the gradient of 
straight lines and extraporating them to 1/C?-axis, 
the impurity concentration N and the “built in” 
barrier voltage V; are obtained, respectively. It 
is to be noted that the “ built in” barrier voltage 
V; varies according to the thickness of Si-slices. 


in” barrier 


2068 


Using these values for N and Vj, and substituting 
V,, for V, we can get the capacitance Cy at the 
breakdown voltage Vz. Thus the breakdown field 
intensity H, is obtained from the next relation, 


_ Vala 


Ea= Bosh 


These values above mentioned are described in the 
table. The values of H, needed for Zener break- 


2000- 


pockword 
applied voltage (V) 
Fig. 2. Applied voltage vs C~? for the heavily 
diffused Si pn-junctions- 


down?) are expected to be over 109 V/m. For the 
lowest breakdown voltage obtained here, the maxi- 
mum breakdown field intensity becomes at most 
1.4x107 V/m, lower by roughly a factor of 100 
compared with Zener one. Hence it might be con- 
cluded that it is impossible to get the Zener diodes, 
but we can get only the usual avalanche diodes, 
using such simultaneous double-diffusion technique. 
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Phonon Spectrum of Germanium-Silicon 
Alloys 


By R. BRAUNSTEIN, A. R. MOORE 
and F. HERMAN 


Radio Corporation of America, 
RCA Laboratories, 
Princeton, N.J. 
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The problem of determining theoretically the 
jattice vibrational spectrum of real (three-dimen- 
sional) disordered crystals is one that has not yet 
been solved successfully. Therefore, all experi- 
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mental information bearing on this problem is of 
considerable value, since it should serve both as a 
spur to and as a check of subsequent theoretical 
work. The Ge-Si alloy system is of considerable 
interest in this connection, since the lattice spectra 
of the pure constituents are now known in con- 
siderable detail. By taking advantage of this 
knowledge, it is possible to identify particular 
phonon energies in the intermediate composition 
range. Ando!) has recently done this for the 
phonons which assist indirect electronic transitions 
in the range 0 to 9.1 atomic per cent Ge by using 
the current-voltage characteristics of Esaki (tunnel) 
diodes at liquid helium temperatures. 

The composition dependence of some of these 
phonons had already been studied by the present 
authors nsiug optical absorption measurements near 
the band edge?). The composition dependence of 
the infra-red lattice absorption spectrum has also 
been measured and interpreted over the full com- 
position range by Braunstein’). The results of 
these three independent sets of measurements are 
in substantial agreement with each other. 

However, Ando states that his experimental find- 
ings for the composition dependence of certain 
phonon energies are not in accord with theoretical 
predictions given in the earlier paper?). While 
this is true in itself, Ando gives the impression 
that we were not aware of this fact. Actually, 
we presented the results of a theoretical calculation 
based on the virtual crystal model specifically to 
demonstrate that this model did not account for 
our own experimental findings, which are more 
extensive than those of Ando. It would have per- 
haps been more to the point for Ando to say that 
his experiments demonstrate once again that the 
virtual crystal model is incapable of representing 
the composition dependence of short wave phonons 
in disordered crystals. 
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Helium Discharge Chamber 


By Shuji FUKUI, Satio HAYAKAWA, 
Ryoichi KAJIKAWA and Ken KIKUCHI 


Physical Institute, Nagoya University, 
Nagoya, Japan 
(Received July 27, 1961) 


After the short note on the “discharge cham- 
ber ”!), a new particle detector named as the “ spark 
chamber ” has been employed in experiments with 
high energy machines?) and of cosmic-rays?). The 
gas filled in these chambers was a mixture of neon 
and argon, as we originally used. However, other 
kinds of gases can be used in principle. We then 
constructed the discharge chamber filled with 
helium gas at atmospheric pressure, for the pur- 
poses of studying the proton-a scattering and the 
polarization of protons. Preliminary tests have 
been made with the proton beams from cyclotrons. 
The procedures of the construction and the opera- 
tion of the chamber are the same as described in 
the previous report!). 

Figs. 1 and 2 are two examples of tracks of 5 
Mev protons. The inner size of the chamber is 
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20cmx28cmx1.2cm. One of the sides of the 
chamber has a mylar window with the thickness of 
1.4mg/cm2. A collimated proton beam _ passed 
through an Al foil of 16 stuck on the hole of 3 
mm diameter and traversed the air of about 2cm 
and then entered the chamber. The chamber was 
stationarily hit by the proton beam. A clearing 
field of 500 volt was constantly applied by dry-cells. 
The high voltage pulses, whose time constant and 
peak voltage were fixed to 10-*sec and 16kV 
respectively, were applied to the chamber at a rate 
of one pulse per two seconds. The discharges ex- 
hibiting the tracks were photographed through the 
conductive glass (Nesa) used as the electrode. The 
intensity of protons hitting the chamber was 
estimated to be about 0.15 mpA (~9x 108 protons/ 
sec). From the sensitive time of the chamber the 
number of protons expected during one high voltage 
pulse may be ~10 protons. The average width of 
a track was estimated to be 1mm. 

Fig. 3 shows one of examples of tracks which 
were due to protons scattered from Sn bombarded 
by a 55 Mey proton beam. Each size of the cham- 
ber is 8.5cmx13cmxlcm. In this case the high 
voltage pulse was triggered by the proton beam 
through the gate-circuit which was closed at a rate 


Fig. 1. Tracks of 5 Mey protons. 


This photograph exhibits coulomb multiple scattering of 5 Mev protons in Mylar and in He. 
The length of tracks was 27cm and the mean width of a track was estimated to be 1mm. 
Peak value of high voltage pulse of CR=10~-7sec was 16kV/1.2cm. Clearing field of 500 volt 


was constantly applied to the chamber. 


Fig. 2. One example of scattering 5 Mev proton. 


The operational condition was the same as in Fig. 1. 


Fig. 3. A track of scattered proton from Sn bombarded by 55 Mev proton beam. 
Peak value of high voltage pulse of CR=10-7sec was 12kV/1 cm. The length of track in each 


chamber was 9cm. 
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of one per two seconds. The clearing field was not 
applied. 

In these cases the film used was Fuji SSS and 
developed with “Promicrol”. The f-stop of the 
lens was 1/1.4. 

From the photographs it can be expected that the 
chamber filled with helium will be employed in the 
same way as that with the neon-argon mixture, with 
some advantages in using this particular kind of 
gas. 

The authors express their sincere thanks to 
Professors T. Wakatsuki and S. Yamabe and other 
members of Osaka cyclotron for their generous 
arrangement which made it possible to perform 
this experiment. 
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Electron Microscopic Observation of 
the Aggregates of Vacancies 
in Germanium 


By Kenzo TANAKA, Michihiko MANNAMI, 
Kunihide IZUMI and Hiroko NIWA 


Department of Physics, Kyoto University, 
Kyoto 


(Received July 29, 1961) 


No direct evidence of the aggregate of vacancies 
in germanium has been obtained so far. In this 
paper, based upon the electron microscopic obser- 
vation, we present an evidence indicating that the 
vacancies aggregate into clustering spongy regions 
in germanium quenched from temperatures higher 
than 750°C. 

The crystals used had resistivities of more than 
5acm. After heating them contained in an evacu- 
ated quartz tube from 750° to 800°C, the crystals 
were quenched by dropping the tube into water. 
Thin foils were prepared by polishing the crystals 
chemically in the C-P4 solution. The polishing 
conditions used were those given by Igaki and 
Ohashi!). These thin foils were then examined by 
transmission method in the electron microscope. 
Annealing treatment to precipitate the quenched-in 
vacancies was not carried out, because the foils 
were heated in the course of chemical polishing and 
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Fig. 1. Electron micrograph of germanium 
quenched from 780°C. 


Elastically 
distorted region 


Vacancy rich 
region 


Fig. 2. Model of the aggregate of vacancies. 
in the electron microscope by the irradiation of 
electrons. 

An electron micrograph of germanium quenched 
from 780°C is shown in Fig. 1, in which the ag- 
gregates of excess vacancies can be seen. The ag- 
gregate appears as a chain with dark region on 
one side. As the direction of the incident electron 
to the foil changes, the contrast either appears on 
both sides of the chain or disappears leaving be- 
hind a vague chain. This indicates that the elastic 
lattice distortion is dominant in the region of 
widths of about 200A on both sides of the chain 
(see Fig. 2) and that the chain is due to some ir- 
regularity in the lattice. From the fact that the 
contrast is not so sharp as that of dislocation, the 
aggregate is not seen as a chain composed of small 
dislocation loops or clustering voids. 

It is supposed that the structure of the aggregate 
is a cluster of spongy regions with elastically dis- 
torted regions around them as shown in Fig. 2. 
We cannot find the crystallographic orientation of 
of the aggregate to the lattice of germanium. 

We wish to thank Prof. J. Takamura for his 
discussion. 
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Theory of Non-Linear Responses of Many 
Variable Systems 


By Koji OKANO 
The Institute of Physical and Chemical 
Research, Bunkyo-ku, Tokyo 
and Osamu NAKADA 
Hitachi Central Research Laboratory, 
Kokubunji, Tokyo 
(Received July 28, 1961) 
In a previous publication!) one of the present 


authors (O.N.) has established a phenomenological 
equation which describes a non-linear response of 
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the equation is based are of quite general nature, 
namely: (1) the convergence of the series, (2) the 
principle of causality, (3) the stationary property 
of the response relation. And hence it has a wide 
range of applicability as far as the non-linear re- 
sponse relation between a pair of variables as ex- 
citation and response is concerned. 

The present note is a short summary of the 
results of our investigations in which the previous 
theory is extended to the case of many variable 
(non-linear) response system—that is, to the case 
in which several excitations are applied to a sys- 
tem simultaneously. 


1. Fundamental non-linear response relations of 
many variables 
Let us take a stationary system. 


Let X2(¢) 7= 
a physical system to a single time dependent 


stimulus or excitation. The equation is given in 
a form of a series of multiple convolution integrals 
containing the excitation and after effect functions 
of various orders. The assumptions upon which 


1,2, --- be the variables expressing the excitations 
applied to the system and a(t) a=1, 2,--- be the 
response of the system to the excitations. Then, 
assuming the convergence of the series, we have* 
as an extension of the previous result, 


ta(t)= Z| Jett) Xie)de+ am glut e readade Gea aa acy 
7 J—co aj 


(1.1) 
in which J;%(t), Jij;*(ti, t2)--- are the characteristic after effect functions of various orders. The prin- 
ciple of causality requires that 
iftj;<0 for any s (s=1,-2, 3), J Giger. (ty by °°) =0. (Ae2) 
2. The frequency response functions of higher orders and the Kramers-Kronig relations 
The Fourier representation of the fundamental equation (1.1) is 
= aa 00 P60 = = — 
Lalw)= > Fie) Xi(w) + D| \ 0(m —w1— 2) 54 j%(w1, we) Xi(w1) Xj(we)doidw2+--+ , (2.1) 
a iju—oJ—co 
in which 
ih feiree ; = iN ere ‘ 
Zi(w)=—-\  ai(the-"dt, = Xi(w)=—— \ Xi(te-¢dt , 
Dit Neco Mp es 
eorite (2:2) 


* Jute tor dt ; Jig? (1, o)=|" \ Jij%(t1, tee *1'1—teatadtidte , 


= + 
SJi%(w)= \ 

By making use of the condition (1.2), which is the mathematical expression of the principle of causality, 

and using the function theoretical method?), the following relations between real and imaginary parts of 


the higher order frequency response functions are obtained as extensions of the well-known Kramers- 
Kronig relation’) for a linear system to a non-linear many variable system: 


£3 1 He — ; 1 
Re J ii e--(w1, we, °° °, 1 + *) =P | imino we, °**w7', ***) ae dw! , (2.3) 
>a 1 pig 7% y atv ST ! 2.2) 
Im J ijz.--(w1, 2, ++, WI; =P | Re Tin. (on (yy °°) OY, > 9) ot | (4. 


3. Discussion about the reciprocal relations 
Let us take a stationary thermodynamic system—a system in equilibrium in the absence of the ex- 
citations. Let x(t) be a thermodynamic extensive variable and X;(t) be the intensive one conjugate to 
ai(t). A statistical mechanical consideration based upon the theory of Bernard and Callen®) leads to 


* This equation has also been obtained by Yamamoto and Ohki?) independently of us. 


2072 Short Notes (Vol. 16,. 


Ji()d7 = Bai O)valt)> , 

- 1 

\ Sig, Nz) AI id He =p Fe<rs(O) 7 j(O)arald) > : 
t i 


ya Tih (Ms No, N3)AIid72d 73 (3.1) 


= 5, leu 0) (0)04(0)a(t)> —<ari(0)ar5(0)>(<arae(O)aralt) >” 


— <a (0) arx(0)>(<ate(O) alt) > —<arx(0)ae(0)> <arj(O)aralt)>] , 


in which < (0 means the phase average over the equilibrium ensemble free from external perturbations, 
the excitations, and B=1/kT. In deriving eqs. (3.1).it has been assumed that <a#;>()=0. The eqs. (3.1) 
connect the causal response of a thermodynamic system to the action of external perturbations—the left 
hand side—to the statistical correlation in spontaneous fluctuations in the absence of excitations—the 


right hand sides. 
rium state lead to 


<x4(0)ealt)> =<ai(t)ea(O)> , 


The principle of microscopic reversibility and the stationary property of the equilib- 


<ai(0)aj(O)aalt)>\ =<ai(t)aj(t)ra(0)> , 


provided that «;’s are even variables. 


Si5*(tr, te) Jaj*(h, te)e Jia (ti, tz) , 


3.2): 
<avi(O)2¢ 5(0)are(O)aalt)> =<ai(t)aj(thar(t)aalO)> , = 
Hence we have 
SH=Seh , (3.3) 
as has already been proved®), whereas for higher order response functions we have in general 
(1, t2)-F(, 0) , 
I ip (ta, te, ts) ET jultr, te, te)Ae---, (tay te, te)5e(0, 0, 0), (3.4) 


Thus the principle of microscopic reversibility leads 
to reciprocal relations in the first order response 
functions (linear terms), but not in higher order 
response functions (non-linear terms). 
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Several Experiments on the Memory 
Effect in aFe.0; 


By Masako IwaTA, Takao IWATA 
and Mikio YAMAMOTO 


The Research Institute for Iron, Steel and 
Other Metals, Téhoku University, Sendai 


(Received July 7, 1961) 


It has recently been discovered that aFe,Os 
memorizes the remanent magnetization after sub- 
jected to a thermal cycle through the magnetic 
transition at —15°C). We made several experi- 
ments on this curious phenomenon with specimens. 
prepared by sintering pure aFe,O; powder (pro- 
duced by heating from Fe(NOs;)3-9H2,O) at 1100°C 
in an oxygen gas stream and obtained some in- 
teresting results. 

The hysteresis loop measurements in a magnetic 
field range of +12.6kOe, made by means of a pen- 
dulum magnetometer using strain gauges as a trans- 
ducer, show that, while the remanent magnetiza- 
tion and coercive force at room temperature are 


+ 
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0.204 emu/g and 3.37 kOe, respectively, the hysteresis 
loop at —192°C of the virgin specimen is a perfectly 
straight line passing through the origin ((a) in Fig. 
1), there being apparently no sign of ferromagnet- 
ism. The hysteresis loop at —192°C of the speci- 
men, which acquired the remanent magnetization 
by an application of the magnetic field of 12.6 kOe 
at room temperature, is again a straight line with 
the same slope as that of the virgin specimen. 
However, this straight line is displaced slightly (by 
0.013 emu/g) upwards or downwards from that of 
the virgin specimen, according as the remanent 
magnetization acquired at room temperature is 
directed towards the plus or minus direction ((b) 
and (c) in Fig. 1). This indicates that aFe,Os; 


Fig. 1. Hysteresis loops of aFe,0; at —192°C. 


really has a weak ferromagnetism at low tempera- 
tures and that the magnetization of this ferromag- 
netism is dependent on the remanent state produced 
at room temperature. 

Next, the remanent magnetization, og, acquired 
by the specimen after it was magnetized by various 
magnetic fields, Hp, at room temperature and the 
magnetization, oj, memorized by the same speci- 
men after it (in the remanent state) was cooled to 
liquid air temperature and then brought back to 
room temperature were measured using a torsion 
magnetometer somewhat simillar to that designed 
by Penoyer. It has been found that both os, and 
og are constant and their ratio is 0.52 in the meas- 
ured range of He from 10 to 100kOe. The effects 
of the application and subsequent removal of the 
magnetic field, Hz, up to 145kOe at liquid air 
temperature on the way of the just-mentioned ex- 
periments are as shown in Fig. 2. The memorized 
magnetization, o,, after Hz was applied along the 
same direction as that of og is not at all changed 
for Hz up to 110kOe ((a) in Fig. 2). After Hz 
was applied along the direction inverse to that of 
or, om iS again not changed for Hy, up to 50 kOe, 
but, as H, becomes higher than 50 kOe, ow is de- 
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creased gradually and vanishes for H;~90kOe. As. 
Hy, further increases, oy appears in the inverse 
direction, namely, in the direction of H;, and seems. 
to reverse completely for H;~160kOe ((b) in Fig. 
2). Further, after a virgin specimen was subjected 
to a strong field, Hz, at liquid air temperature and 
then it was brought to room temperature without 
the field, the residual magnetization was detected 
for H; higher than 50 kOe and it increased gradually 
with increasing Hy. 


50 


On / oR 
[e) 
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Fig. 2. The ratio of the memorized magnetization,. 
ow, to the original remanent magnetization, op, 
as dependent on the field, Hz, once applied at 
—192°C on the way of a thermal cycle through 
the low-temperature magnetic transition in 


aFe:Os. 


It may be concluded, from these experiments,. 
that the very weak ferromagnetism observed at 
low temperatures plays an essential réle in the 
memory effect in aFe,O;. 
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Photoconduction of 7-ray Irradiated KCl 
Single Crystals at Higher 
Electric Field 


By Yoshio INUISHI and Yung-Kwun SUNG 


‘College of Engineering, Osaka University, 
Osaka, Japan 


(Received August 3, 1961) 


In our previous paper, the effects of 7-ray colora- 
ttion on dielectric strength of KCl were reported!.?). 
‘The mechanism of these effects has been investi- 
:gated by us in connection with pulse photoconduc- 
‘tion at prebreakdown range, and some of the 
preliminary results are presented here. 

Pulled KCl single crystals after three re-crystali- 
:zation cycles were well annealed and cleaved to 
form the specimen (20x 150.3 mm) furnished with 
conducting glass cathode and evaporated golden 
anode with guard ring. After introduction of pro- 
iper amount (N,) of F-center with j)-ray irradiation 
“from Co at room temperature, pulse photoconduc- 
ition of the specimen was observed by a synchro- 
:scope with excitation of #-band light (A=550 my) of 
-500 ws duration through conducting glass cathode. 

The peak photocurrents Jp are shown in Fig. l(a), 
‘(b), (c) as the function of applied field # for various 
itemperature and N-. 

These saturation curves can be expressed by the 
~well known “Schubweg” formula) for uniform 
release of F' electron, 


Ip=e7No 1 [1 i (2 exp( Fr) |=enNo i 20(W), 
(1) 


where e, No, / are electronic charge, incident photon 
number per unit time, and sample thickness (0.3 
mm) respectively. 7 is the quantum yield for the 
liberation of electron from #’-center, W=EKr is the 
Schubweg; ,, c+ being electron mobility and life 
time respectively. 

By comparing*) the experimental saturation curves 
(Fig. 1) with equation (1) we can estimate Wo=pr 
and eNoyv or the quantity proportional to 7 at 
a definite illumination. 

Mobility life time (ur) and quantum yield 7 (in 
arbitrary unit) thus obtained are shown in Fig. 2 
with comparison to yur measured by Pohl at low 
field photocurrent?) (dotted line). 

From these data we can conclude the following 
items; 


(1) wr increases with decreasing temperature due 
to the increase of mobility and the saturation fields 
decrease also with decreasing temperature. 

(2) At prebreakdown field, charge multiplication 
occurs possibly due to the impact ionization of F- 
centers. 
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(3) The decrease of 7urt below —150°C at higher 
field (present data) is not so remarkable as that 
obtained by Pohl in low field. This may be due to 
the Zener-type release of electrons from the excited 
state of F-centers at higher field as was proposed 
by Ltty®). 
(4) Apparently, 7 increases 
—60°C. J 
Although detailed mechanism is not clear, this 
fact may be related to the efficiency of F electron 
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liberation at coagulated F-centers created around 
dislocation by y-ray irradiation. A full paper will 
be published soon. 
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On the Coupling between Optical Lattice 
Vibrations and Carrier Plasma Oscil- 
lations in Polar Semiconductors 


By Isaaki YOKOTA 


Department of Physics, Faculty of Science, 
Niigata University 


(Received July 22, 1961) 


When carrier concentration in a polar semi- 
conductor amounts to 10!7~10!8 cm~—3, the frequency 
of carrier plasma oscillations becomes of the same 
order of magnitude as that of the lattice vibrations 
of the optical modes and notable coupling between 
them is to be expected. Taking, e.g., carrier 
effective mass, m*=0.3m, optical dielectric constant, 
€0=10 and carrier concentration, n)=101!7cm~-3, 
we find as the plasma oscillation frequency which 
is given by 

_ ( Annoe? \¥? 
o =( Eoom* ) , 
®p=1018 sec-1, which is of the order of magnitude 
of Reststrahlungsfrequenz of typical ionic crystals. 

In this note, we will give an elementary theory 
of the coupling between lattice vibrations of the 
optical modes and carrier plasma oscillations both 
of long wave lengths in polar semiconductors. 

The lattice vibrations of the optical modes of 
long wave lengths in ionic crystals can be described 
by the following pair of equations"): 


2 
SE = note tbak , (1) 
co—l 
P=bywt+—E, (2) 


where w is the displacement of the positive ion 
relative to the negative, w;—u—, multiplied by 
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the square root of the reduced mass, M=M,.M_ 
/(M.+M_),per unit volume: 


w=/ Mus —u-) , 


2 ) being the volume of the unit cell, P is the di-- 
electric polarization and EF is the electric field, wu; 
is the frequency of the transverse waves and 


€9 — Eco \1/2 
ba=ba=or( :) , 


€) being the static dielectric constant. 

On the other hand, the plasma oscillations of” 
carriers of long wave lengths are described by the- 
hydrodynamic equation of motion and the equation 
of continuity, which are simplified in linear ap-. 
proximation respectively to 


a) 
m*— =e C3n 


and 


On 
ot 


where v is the hydrodynamic carrier velocity and’ 
m1 is the deviation of carrier concentration from 
its average value, mo. 

These twy oscillating systems are coupled through. 
the Poisson equation 


+no(V-v)=0, (4 Jn 


(7-D)=4ren , (5)>» 
where D is the electric displacement 
D=E+4rP . (6), 


Eliminating D, H, P, and v from Eqs. (1) to (6): 
we get the following simultaneous equations for n,, 
and (y-w): 
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where w,=(€9/Ec)!/2w, is the frequency of the longi- 
tudinal waves. We see that only longitudinal 
modes of optical lattice vibrations can be coupled 
with carrier plasma oscillations and find as the 
eigen frequencies of the coupled oscillations 


1 
wae {wp?+072+ [Ce »? + w7?)? — 4 242] 1/2} . 
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Electron Spin Resonance of the M center 
in Potassium Chloride 
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The two kinds of atomic model of the M center 
have been proposed; the one is a one-electron 
center suggested by Seitz!) and Knox?), and the 
other is a two-electron center suggested by van 
Doorn, Haven) and Pick*). For assignment of 
these models, it would be highly important to 
determine whether the M center is a paramagnetic 
center or a diamagnetic one. Kawamura and Ishi- 
watari reported the narrowed absorption curve of 
the electron spin resonance (ESR) of an optically 
bleached KCl, which they interpreted as arising 
from the M center resonance?). 

We measured the ESR traces of additively colored 
KCl crystals by using the X-band microwave with 
high frequency modulation of 455 Kc/sec, under 
‘static magnetic field of about 3,500 gauss. A re- 
ctangular resonant cavity operating in a TE 
mode was slotted horizontally at the lower portion 
of one of the narrow sides to permit the entry of 
the F-band light, and the cavity had a series of 
slots parallel to the narrow face of waveguide to 
permit penetration of magnetic modulation field. 

Furthermore, the optical density of the specimen 
‘was measured immediately after the ESR trace was 
obtained at each stage of F-band bleaching. The 
result can be discussed with reference to a typical 
.example shown in Fig. 1. Curves (a) in Fig. 1 show 
both the ESR trace and the optical absorption of 
a freshly colored crystal, respectively. Curves (b) 
-show the results after the specimen was irradiated 
with F’-band light at room temperature. The M- 
band is increased at the expense of the F’-band. 
The reduction of about 40% of the intensity in the 
ESR trace is followed by the reduction of more 
than 30% in the F-band peak. This discrepancy 
may be interpreted in terms of the overlap of 
absorption band due to the higher excited states of 
the M-band with the F-band. The change of the 
curve shape in the ESR trace was not observed 
with reference to the trace in the curves (a). 
Curves (c) show the results for the heavily bleached 
specimen by successive irradiation. The intensity 
in the ESR trace is decreased to 40%, while the 
F-band peak is decreased to 60%. More than 10% 
narrowing in the ESR absorption curve is observed. 
If this heavily bleached specimen is subjected to 
a pulse annealing, both ESR intensity and optical 
density are fully recovered. In every case, the 
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appreciable shift of g-value is not observed. 

Two characteristics drawn from above results, 
namely, the correspondence between intensities of 
ESR traces and optical densities in the #-band, 
and the invariance in the curve shape of ESR for 
the specimen containing F’ and M centers, lead 
one to conclude that the ESR trace arises only 
from F' centers. So long as one stands on the 
one-electron model of the M center, the absence of 
ESR absorption due to the M centers could be 
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Fig. 1. (A), ESR traces of additively colored 
KCl obtained by using the ESR apparatus hav- 
ing the equal sensitivity. (a), before irradiation, 
(b), after irradiation with #’-band light, (c), after 
heavily irradiation. 

(B), Absorption spectra for specimen whose ESR 
traces are shown in Fig. (A). 

Measurements are all made at room tempera- 
ture. 


explained tentatively by assuming a homogeneously 
broadened line with a considerably long relaxation 
time, but, this assumption would not be plausible 
in viewpoint of optical studies. Then, it seems 
reasonable to conclude the M center is a diamag- 
netic center. 

We would like to express our thanks to Profes- 
sers Kawamura and Tomura for their kind discus- 
sion and Mr. H. Sugimoto and S. Nagata for 
technical assistance. 

Just after we finished this work, Dr. Wolf kindly 
informed us his work®). He arrived the same con- 


clusion as ours, by using the low frequency 


modulation. 
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Alloys at Low Temperature 
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‘The low temperature internal friction peak in 
‘metals or Bordoni peak!) has been considered to be 
‘due to the relaxed motion of dislocation. Accord- 
‘ing to Seeger’s theory”), in which the dislocation 
line moves between adjacent potential troughs by 
generating kink pairs, the Bordoni peaks in Cu?) 
were analyzed successfully. On the other hand, in 
aluminum, an internal friction peak was observed 
for the farquencies 104c/s, 10%c/s4), and 10%c/s5), 
respectively. At the latter two frequencies the 
results were inconsistent with each other, the 
reason for which was suggested to be due to the 
impurities contained in the specimen. But the 
effects of interaction between the dislocation line 
and the impurity atoms on the behavior of the 
Bordoni peak were not considered in detail. The 
authors planned to measure the longitudinal ultra- 
‘sonic attenuation between 100° and 300°K in poly- 
crystalline specimens of 99.99% aluminum and 
Al —3.7wt% Cu alloy at frequencies of 5 and 15 
Mc's. 

In Fig. 1 the attenuation coefficient of Al at 5 Mc/s 
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Fig. 1. Ultrasonic attenuation coefficient in a 
99.99% Al polycrystal at 5 Mc/s. 


-was plotted against temperature. A broad peak 
was observed at about 152°K and the height of the 
peak was increased by a plastic deformation of the 
specimen but reduced by subsequent annealings. 
+On the specimen annealed just below the melting 
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point for 5 hours, the peak was hardly observed. 
At 15 Mc/s similar features of attenuation were 
observed and the peak was shifted to 165°K. As- 
suming a relaxation process with a single relaxation 
time, the activation energy obtained was 4400 
cal/mole. This value was larger than that of 99.8% 
Al®), and the temperature of the 5 Mc/s peak was 
close to 99.94% Al#). 

The attenuation coefficient at 5 Mc/s in the Al-Cu 
alloy, quenched from 500°C, was plotted in Fig. 2. 
In the attenuation curve a broader peak than in 
pure Al was observed at about 150°K. The height 
of the peak was reduced by half by annealing at 
100°C for 30 minutes. Another peak was observed 
at about 260°K in the quenched state but the height 
was reduced by annealing. At 15 Mc/s, the attenua- 
tion was three times as high as that at 5 Mc/s. 

In the Al-Cu alloy, a broadening of the width and 
a lowering of height of the low temperature peak 
with annealing would be due to the locking of 
dislocation lines by solute atoms. Moreover, in 
Fig. 2, the low temperature side of the peak be- 
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Fig. 2. Ultrasonic attenuation coefficient in a Al- 
3.7 wt% Cu polycrystal, quenched from 500°C, 
at 5 Mc/s. 


came broad and the apparent peak point was shifted 
to low temperature. Hence the inconsistent results 
obtained in the previous measurements of Al?),5) 
would be due to the impurity effect as shown in the 
present experiment. 

For the high temperature peak in the Al-Cu alloy, 
the activation energy determined from the shift of 
the center of the peak with changing frequency 
was 7700 cal/mole. Because of the close value of 
activation energy to that of the vacancy annealing 
in Al, the high temperature peak should be origi- 
nated from the relaxed motion of quenched-in 
vacancies, composed of several kinds of complexes 
in respect to the broad spectrum. Cu atoms are 
dissolved in the matrix by rapid cooling from high 
tempereratures but are squeezed out by annealing. 
Annealed-out Cu atoms form small clusters and 
then grow into the G-P zone. During annealing, 
the motion of dislocation lines or vacancies would 
be reduced by a locking of solute atoms and peak 
heights were reduced. By subsequent annealing, 
the peak height was reduced monotonously and the 
solute atoms grew into precipitates. For this rea- 
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son, the elementary processes of precipitation are 
classified into two parts, one acts as a locking of 
dislocation lines and the other is a coupling of 
vacancies with solute atoms. 
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This is the third article in the series on the 6 MeV linear accelerator 
to be used for the injector of 1 BeV electron synchrotron, and describes 
the construction and early tests of the accelerator including the fabrication 
and the assembly of the components (accelerator guide, waveguide system, 
electron gun and vacuum system etc.) The accelerator guide has been 
carefully fabricated so as to match the designed structure reported in 
the preceding paper. An rf driven prebuncher has been provided in 
order to obtain a narrow energy spread and high trapping efficiency. 
The results obtained by the preliminary tests were the energy spread of 
about 3 percent at 6.6 MeV, whereas the spread increased up to 5-6 percent 
without the prebuncher. 


§1. Introduction ordinary linear accelerator has a rather broad 
A number of linear electron accelerators energy spread (10-15% at several MeV). 
have been previously constructed, but the For the injector of the synchrotron, it is 


| 


Fig. 1. View of the 6 MeV linear accelerator, mounted on the movable steel base. 
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required to have a narrow energy spread 
(<5% at 6MeV)!. Consequently, the design 
and the fabrication of the linear accelerator 
used for the injector, must be carefully per- 
formed. In particular, the energy spread 
depends largely on the design. and the ac- 
curacy of the accelerator guide. 

To obtain such an accelerator guide, the 
calculated dimensions were corrected by the 
low power rf measurements of the _ test- 
cavities, and the actual fabrication was ac- 
complished using the available highest 
techniques. 

In this paper, the processes of the construc- 
tion used in achieving such a narrow energy 
spread and the performance of the early test 
operations are described. 


§2. Construction of the Linear Accelerator 


The accelerator and major electronics are 
placed on a movable steel base in size of 
2mx<4.5m. A 3MW pumped klystron® in- 
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Fig. 2. 


main power, is fed to the prebuncher cavity 
through a phase shifter and an attenuator. 

The residual rf power reaching the end of 
the regular section is brought via the output 
coupler to an rf dummy load where it is 
absorbed. Two rf power monitors are in- 
stalled at the input and output sides of the 
waveguide system. 

The electron gun is pulsed by the modulator 
which is essentially similar to that of the 
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cluding 8’’+3’ vacuum pumps, and two 
cabinets containing klystron pulser and 200 
W TWT are placed on a half side of the 
base. On the other half the accelerator guide, 
electron gun, waveguide system and as- 
sociated vacuum systems are placed. 

The accelerator guide is mounted on the 
steel framework bolted to the base at four 
points, in order to avoid bending of the ac- 
celerator guide due to loading on the base, so 
that the whole assembly can be moved 
without destroying the accelerator alignment. 


§3. Main Components of the Accelerator 


Fig. 2 is a block diagram of the accelerator. 
The microwave power produced by the 
klystron is fed through a waveguide to a 20 
db directional coupler where the rf power is 
divided into two parts; the main part is fed 
into the bunching section of the accelerator 
guide through a “door knob” coupler. 
Another part which is about a hundredth of the 
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Block diagram of the accelerator. 


klystron. It differs, however, in that the 
secondary of the pulse transformer has trifilar 
windings in order to be used for the bom- 
barded cathode. 

The defocusing forces acting on the electron 
beam, especially at the bunching section, must 
be neutralized by the use of the focusing coil, 
which is divided into six sections correspond- 
ing to the units of the accelerator guide. 

The accelerator guide, waveguide system 
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and electron gun are evacuated by a 6+3” 
oil diffusion pump system. Although the 
pump system has a nitrogen cold trap, it is 
not used. 


$4. Accelerator Guide 


The accelerator guide has a total length of 
3m, and is divided into six units, each length 
of which is about 50cm. The first two units 
tare the bunching section, the next two are 
the tapered section and the last two are the 
regular section. Each unit is fabricated by 
‘means of an electroforming procedure. 


‘Fig. 3. Dimensions of the accelerator guide vs. 
distance. é is the distance measured by the free 
space wave-lengths. 


Fig. 4. Correction curve of the inner diameter 
2b. A(2b)=2b (experimental)-2b (calculated). 
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Fig. 5 (a). 
of the dimensions. 
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Fig. 5(d). 


The dimensions of the accelerator guide are 
calculated from the design study®. The di- 
mensions 2a, 2b D and d are shown in Fig. 
3. In order to obtain the good energy spread, 
the dimensions must be corrected by the 
measurements of the test cavities. The 
buncher including the tapered section is 2m 
in length, and contains 92 disks. Seventeen 
points were chosen along the buncher in ap- 
propriate distances for the test. At each 
point, three or four two-disk cavities which 
have the same 2a and D but different 20’s, 
were made. For given 2a’s and D’s, the 
inner diameter 2b’s which have a resonance 
of z/2 mode at 2759.0 Mc in vacuum at 30°C, 
were determined. The correction curve to 
the calculated value of 2b along the buncher 
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is plotted in Fig. 4. Not only the corrected 
2b, but also the frequency changes due to the 
variations of 2a, 2b and D, and due to the 
variation of the temperature were obtained. 
(Fig. 5) 

These results are important to the fabri- 
cation of the accelerator guide, and the 
machining tolerances of the dimensions are 
determined to be, 
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Fabrication of the accelerator guide 

The accelerator guide was fabricated by 
means of the improved electroforming®. This 
procedure provides one-body structure of each 
unit and therefore has the advantages of 
electrical contact and vacuum tightness. 
Especially in the fabrication of the bunching 
section in which the dimensions vary with 
the length, this is a facile methode compared 
to the others. 

This procedure consists of (1) machining of 
the copper disks and Al-alloy 24-s spacers, 
(2) copper plating on the spacers, (3) assembl- 
ing of the disks and spacers on a jig placed 
in water, (4) electroforming of the assembly, 
(5) etching of the spacers, and (6) final machin- 
ing. The disks are made of oxygen free 
copper plate of 6mm thickness. The copper 
is soft and gives worse machinability com- 
pared to other metals. The use of diamond 
tools and a high speed lathe gives the high 
precision maching of copper®. The facing 
operation determines the final thickness of 
the disk and the accuracy of the contour shape 
of the disk hole, as well as the surface rough- 
ness of the disks. Consequently it must be 
carefully performed. To achieve a smooth 
finish a crossfeed of 4y/turn has been found 
desirable. 

The cutting diamond tools must be carefully 
selected. Although constant linear cutting 
was not used, the surface roughness of 0.3 S 
was obtained. It was checked by the multiple 
beam interferometer, to avoid scraches. 
From the test cavity experiments, it was 
found that the resonant frequency of the ac- 
celerator sections largely depends on the 
contour shape of the hole. Although the 
measuring and consequently the machining 
of 2a, 2b, D and d are relatively easy, those 
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of the contour shape are difficult. Moreover 
the variation of the area of 1mm? at the 
section of the contor causes the frequency 
change of 4.8Mc. In other words, the fre- 
quency of z/2 mode resonance can be varied 
by only the change of the contour shape 
keeping other dimensions constant. The con- 
tour shaping is pérformed by a shaping jig 
and two dial gauges which are used for 
setting the jig at a correct position. 

This gives the precision hole contour. The 
reproducibility of the hole contour is very 
important in the fabrication of the accelerator 
guide, consequently the disks are checked by 
a profile projector and an rf test, without. 
destruction of the disks. The obtained ac- 
curacy of the disk holes is within+2y, and 
the deviation of resonant frequencies from the: 
standard disk is within+50 kc. 

The spacers are made of Al-alloy 24-s. The: 
form of the spacers is shown in Fig. 8. The 
spacers in the buncher have a step on the: 
middle of the periphery of the spacers. After 
machining the spacers are zincated and copper 
plated, and then the both ends are machined. 
to size. The tolerance of the diameter is +5y 
and that of the height is +5y. 

The disks and spacers are assembled on an 
assembly jig placed in water. The disks are. 
properly spaced by means of the spacers,,. 
which are placed alternately with the disks, 
on the jig, and the SUS-7 mandrel is stuck: 
through the assembly. The assembly is de-. 
posited by a thick copper wall (about 1 cm). 
After electroforming, the spacers are etched) 
out in a caustic soda solution, final cleaning- 
is carried out, and the outer wall 
chined®. 


rf Tests of accelerator units 


iSuema=: 


The electroformed units are checked by low- 


power rf measurements”. Each unit is built 
with an even number of disks. 
that if both ends are capped off, the units 
will resonate in the z/2 mode. The measure- 
ments are carried out in vacuum, since the 
shift of the resonant frequency occurs due to 
both air and humidity. The temperature of 
the units is measured by the thermo junction, 


and the resonant frequencies are corrected to. 


the value at 30°C. In the units having an 
even number of disks, the only alternate 
Cavities including end half cavities are sensi- 


tive to the resonant frequency of the z/2. 


This means. 
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Fig. 6. Multiple-beam fringes of the disk surface, 
showing surface roughness of <0.3. (Distance 
between the adjacent fringes is 0.3,). 


Fig. 9(b). Completed acccelerator units. 


Fig. 10. Resonances of the accelerator unit. The 
center is the x/2 mode resonance. 


(b) 


Fig. 7. (a) Schematic diagram of the profile pro- 
jector. (b) Projected sections of the disk hole 


contour. 
Fig. 11. Structure of the accelerator guide includ- 


ing the water jackets and the “door knob” 
couples. 


mode”). However, when the accuracy of the 
fabrication is sufficiently high, this method 


| gives accurate results. 

MLL The z/2 mode resonant frequencies of the 
six units are as follows: 

(a) (b) Bunching section No. 1, 2760.20 Mc at 30°C in 


Fig. 8. (a) 24-s spacer for the regular section. vac. 


(b) 24-s spacer for the buncher. Ui NO, A, FEL 
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Tapered section No. 1, 2759.09 
Y No. 2, 2759.06 

Regular section No. 1, 2759.03 
” No. 2, 2759.08 


In the regular sections, unloaded Q’s of more 
than 10,000 were obtained, while in the bunch- 
ing section No. 1, Q of 7,000 was obtained. 
The disk spacings are narrow in the No. 1 
unit compared to other sections and the wall 
loss is large compared with the others. Also, 
its resonant frequency deviates from the 
operating frequency 2759.0Mc. The reason 
is considered that dv/d(2b), dv/d(2a), dv/dD are 
large at the input side of this unit. (see 
Fig. 5) 

The phase shift 64 due to the fabrication 
error is given by 
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According to the above results, dv0’s of each 
cavity of accelerator sections are less than 0.1 
Mc. Therefore, for the regular section 
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This is sufficiently small compared to the 
design value. 

The completed accelerator units are in- 
stalled on the water jackets which have the 
flanges at both ends. The flanges are used 
to assemble the accelerator sections. The 
structure of the completed accelerator guide 
is Shown in Fig. 11. 


§ 5. 


The whole waveguide system is shown in 
Fig. 2. As the waveguide system is evacu- 
ated to eliminate the danger of sparking in 
the guide, all the waveguide components 
(bends, tee tuners, directional couplers, rf 
windows, etc.) are connected together using 
vacuum tight choke flanges. The voltage 
standing wave ratio of the components is not 
greater than 1.05. 


Waveguide System 


Directional couples 

Two directional couplers are used, one of 
them is the 12 hole 20 db directional coupler, 
which is used for feeding the rf power to the 
prebuncher cavity. Another is the two hole 
40 db directional coupler connected to the rf 
power monitor, and the holes are sealed by 
ceramic windows, in order to allow the atmos- 
pheric pressure at the low power side. 
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R. F. Windows 

The rf windows are provided for isolating 
the waveguide system from the accelerator 
guide and for evacuating them independently. 
The geometry and structure are determined 
by the low power and high power rf tests. 
The ceramic plate which has 56mm diameter 
and 3mm thickness, is soldered at an inclined 
angle to the axis of the waveguide in order 
to avoid sparking. The V.S.W.R. of the 
windows is 1.02 at 2759 Mc. 


Phase shifter 

The phase shifter used in this system con- 
sists of a high alumina ceramic wedge placed 
in the rectangular waveguide parallel to its 
narrow face®. The wedge is carried by two 
ceramic shafts and can be displaced perpen- 
dicularly to the narrow face of the guide. 
The shafts are vacuum sealed by O rings, and 
moved by a synchronous motor from the 
remote control room. The phase of the rf 
wave can be changed by 290 degrees by this 
phase shifter. The V.S.W.R. is less than 
1:05: 


Dummy Load 

The rf dummy load is a tapered ridged 
waveguide and is made of 13-Cr steel” 
(SUS-2). The length is 1.4m and the inside 
is polished to prevent sparking at a high 
power operation. The load has no need of 
cooling. The V.S.W. Ro isiless*thanie10: 


Waveguide-to-accelerator couplers 

Two waveguide-to-accelerator couplers are 
used, one of them is placed at the input side 
of the bunching section where § is 0.5, in 
order to feed the rf power to the accelerator 
guide, and the other is placed at the output 
side of the regular section where $ is ~1.0. 
The type of the coupler is “door knob”, 
and the form and dimensions are experimen- 
tally determined. The final optimum match- 
ing is obtained by the adjustment of the 
short plunger. 


§6. Assembly of the Accelerator Guide and 
Waveguide System 


The accelerator guide units are mounted on 
the individual supporter which is made of 
cast brass. The radial displacement and in- 
clination of the axis are carried out by screws. 
On the supporter, the focusing coil is also 
mounted coaxially to the accelerator section. 
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The supporters mounting the accelerator units 
and coils are slided on the rails welded on 
the frame work, placed at the positions and 
bolted together. (Fig. 12) The alignment of 
the accelerator guide is performed by means 
of a microalignment telescope and_ glass 
targets which can be mounted at both ends 
of the units. Next, the “ door knob” couplers 
are installed at both ends of the accelerator 
guide, and the other waveguide components 
are assembled. 

The whole waveguide system is checked 
and adjusted by the low power rf test. 

First, the input coupler is adjusted to give 
a minimum V.S.W.R. For this purpose, the 
low power rf dummy load made of wooden 
tapered bar is inserted from the output side 
of the accelerator guide to the bunching sec- 
tion, and the short plunger of the coupler is 
adjusted to give the minimum V.S. W.R. at 
the frequency of 2759.0Mc. The same pro- 
cedure is performed at the output coupler. 
Then the rf dummy load is connected to the 
output couplers and the accelerator guide is 
checked on the joints of the accelerator sec- 
tions. A frequency modulated klystron oscil- 
lator is used for the rf test, and, if the 
imperfection exists at the joints, the reflection 
is observed on a scope. (Fig. 13 (a)) 

The position of the imperfections is detected 
by the insertion of the wooden dummy load 
since the resonance curve disappears as the 
dummy load arrives at the position. (Fig. 
13 (b)). Finally, the accelerator guide and 
waveguide system are evacuated and the 
whole system is adjusted to give minimum 
V.S.W.R. at 2759 Mc (Fig. 14). The meas- 


ae y 
Fig. 12. The accelerator units and the focusing 
coil sections mounted on the supporters. 
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(b) 
Fig. 13. (a) Reflection from the imperfection at 
the joint. (b) Dummy load is inserted to the 
imperfect joint (reflection disappears). 


Fig. 14. Reflection of the whole wave guide sys- 
tem viewing from the input side. (in the region 
around 2759 MC, reflection disappears). 


ured V.S.W.R. is less than 1.10 and the 
attenuation of the accelerator guide including 
the waveguide system is 3db in good agree- 
ment with the design value. 


§7. Prebuncher 

The electron beam is injected continuously 
from the gun during the pulse duration, and 
therefore the electrons are uniformly spread 
in the rf cycle. 

However, the electrons trapped by buncher 
are limited to the ones riding on the proper 
parts of the rf phase angles. Consequently, 
if the electrons are bunched in the appropriate 
phase angles prior to the injection to the 
buncher, the acceptance of the buncher is 
improved and the energy spread of the beam 
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isreduced. For this purpose, the prebuncher 
cavity which has the same function as: that 
of the cavity of a klystron, is placed between 
the accelerator guide and the electron gun”. 
The cavity is a reentrant type and the reso- 
nant frequency is adjusted by the short 
plunger. The measured Q of the cavity is 
about 1,500. The drift space of 30cm length 
between the cavity and the buncher permits 
the density bunching of the velocity modu- 
lated electrons. Theoretically, about 66% of 
the direct current per rf cycle is bunched in 
+30 degrees, at the bunching parameter of 
1.84. The electron bunches must be properly 
phased with respect to the rf wave in the 
buncher for acceptance. This is accomplished 
by the use of the rf phase shifter which 
provides about 300-deg. phase shifts. The 
power fed to the cavity is 30kW maximum 
and is variable by the attenuator. 

Around the drift space, the focusing sole- 
noids are provided to control the beam dia- 
meter and the angular dispersion. 


§8. Focusing Coil 


The defocusing forces act on the electrons 
such that —7z/2<4<z2/2 where the electrons 
are stable longitudinally, and the forces must 
be neutralized by the axial magnetic field. 

The minimum required field to focus the 
electron beam is given by®) 


y ‘i a Coe cos 4 , 


where, » is the frequency of the rf wave and 
4 is the phase angle of the electron with 
respect to the rf wave. 

The magnetic field B in the case of 4=0 
is plotted in Fig. 15. This magnetic field is 
approximated with the coils divided into sever- 
al sections. The actual focusing coils are 
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Fig. 15. Minimum required magnetic field in the 
buncher, 
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divided into six sections corresponding to the 
accelerator units; each of two coils around 
the bunching section is divided into five sub- 
sections and each subsection is supplied by 
dc current individually. The maximum field 
of 1,000 gauss can be produced. The coils. 
around the tapered section are composed of 
three subsections, respectively, and their 
maximum field is 500 gauss, and the coils of 
the regular section are single and the maxi- 
mum field is 200 gauss, so that the optimum. 
field is obtained by changing the current 
independently in. each subsection coil. The 
coils are mounted in coaxial with respect to 
the accelerator sections, and their axes are 
adjusted by means of eccentric rings. 


§9. Vacuum System and Cooling System 


The vacuum system is composed of a 500) 
J/min. mechanical pump, a 6” +3” oil diffusion. 
pump system’ and the associated vacuum 
manifold including an automatic gate valve, 
L valves, etc. The mechanical pump is placed 
on the outside of the radiation shield and 
connected to the diffusion pump system which. 
is mounted on the movable steel base, through 
the tubing and the rubber hose. 

The vacuum manifold with five connections. 
to the accelerator guide, the waveguide 
system and the electron gun, is placed along 
the accelerator guide and made of SUS-7 tub- 
ing 10cm o. d. and 4m length. The ac- 
celerator guide is evacuated from the both 
sides, the waveguide system is evacuated 
through the slits 20cm length 4mm _ width, 
and the electron gun is evacuated from both 
the side-tubing and the anode side where a 
thin gate valve is installed, so that the gun 
can be isolated from the other system, in the 
case of replacement of the cathode or filament. 

At the output of the accelerator, a pneu- 
matic gate valve is mounted, which is closed 
automatically in case of the vacuum failure 
of the synchrotron. The pump system con- 
sists of the 6” and 3’ oil diffusion pumps. 
which are connected in series. Although a 
nitrogen cold trap is provided, it is not used 
without any trouble to date. A normal ioni- 
zation gauge mounted on the pump head and 
two bared ionization gauges mounted at both 
ends of the manifold are used for monitoring 
of the vacuum. A philips gauge is used for 
the interlock of the system. 
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The pressure of the vacuum system meas- 
ured by a normal gauge is 1-2 10-*mm Hg 
and that by a bared gauge is 1-1.5<10-' mm 
Hg at an operating condition. 

The accelerator guide is cooled by pure 
water cooling system, and maintained at 
30°+1°C. The focusing coil and the electron 
gun are maintained at 30°+10°C by another 
cooling system. 

In order to prevent the dew-drops in the 
wet season, the cooling temperature of 30°C 
is used. 


§10. Electron Gun 


The electron beam from the gun is injected 
to the accelerator guide at 80kV (6.=0.5c) 
and the pulse duration of 24sec. The 
cathode of the gun is used at the temperature 
limited region. The cathodes tried to date 
are the tungsten spiral filament, the tantalum 
bombarded cathode, and the oxide coated 
cathode. The spiral filament is a simple 
cathode, while, the deformation of the fila- 
ment due to the high temperature causes the 
reduction of the transmission current and 
defocusing of the electron beam. The tan- 
talum cathode is heated by 2kV electron 
bombardment from a _ tungsten filament. 
Although the bombarded cathode is a suitable 
one for the pumped system, the emission 
current is sensitive to the bombarder 
current and the operation is not 
simple. In spite of various difficulties 
as described in the other paper”, 
the oxide coated cathode was also 
tested. However all guns used thus 
far must be regarded as tentative 
ones. 

The cathode and the filament are 
pulsed to 80kV negative through a 
10:1 step up pulse transformer, which 
is biased by a dc current”). The pulse 
transformer has trifilar secondary 
windings in order to be used for 
the bombarded cathode, and the 
5.2K2dummy load is connected to 
the secondary. The 5C-22 hydrogen thyratron 
is used as a switching tube and a 522 cable 
of 200m in length is used as the pulse 
forming line which gives the pulse duration 
of 2usec. 

The trigger to the pulser is delayed by 0- 
2usec. with respect to the klystron pulser 
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Fig. 17. The energy spectrum. 
(b) with prebuncher. 
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trigger, because of the filling time of the 
accelerator guide. 

The electron beam injected from the gun 
is lost due to the angular misalignment or to 
the defocusing forces, and the steering coils 
and the focusing coils are placed in the space 
between the gun and the accelerator guide. 


Silke 


The testing of the accelerator primarily 
involves the measurements of the electron 
beam current and the energy spectrum. The 
beam current is measured by both the Faraday 
cup and the ferrite core induction probe, and 
the energy spectrum is measured by an ana- 


Preliminary Test and Performance 


Fig. 16. The upper pulse shows the beam current 
of 80mA, 2us. The lower pulse shows the 
residual rf power affected by the beam loading 
input rf power; 1.9MW, pulse length; 4ys). 
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lyzer magnet.* An induction probe is used 
as the beam current monitor. The energy 
spectrum and the beam current are measured 
at the same time. 


* We are indebted to Dr. Y. Kobayashi and Mr. 
R. Yamada for making the analyzer magnet and 
the induction probe. 
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The misalignment of the beam is corrected 
by the steering coils placed in front of the 
gun. The magnetic fields in the drift space 
and in the bunching section are critical, but 
those over tapered section have only little 
effect on the beam current. The maximum 
beam current obtained thus far is 220mA 
with a 2usec. pulse length; for the input rf 
power of 1.7 MW, the energy at the maximum 
beam intensity is 4.3 MeV. 

The effect of the beam loading is observed 
on the scope by the rf power monitor at the 
output as shown in Fig. 16. The rf pulse 
shortening is observed at the start of the 
operation in the case of the low rf power and 
the heavy beam loading, but it disappears 
gradually. 

The energy spread was found to have a 
half width of 5.4% at 6.2 MeV without the 
prebuncher (input rf power: 2 MW, total beam 
current:40mA), and a half width of about 
3% at 6.6 MeV with the prebuncher (input rf 
power 2MW, total beam current 30mA). 
(Fig. 17) 

It is found that the use of the prebuncher 
improves the acceptance of the buncher as 
well as the energy spread. 
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The reaction F1%p, 7)Ne2® was studied for proton energies from 550 to 
1500 keV. The 1322 keV resonance reported previously was not observed. 
The angular distributions of the gamma rays from Ne20 compound 
states corresponding to the H,=—669 and 1425keV resonances to the first 


excited state were found to the isotropic within 2% in both cases. 


The 


angular distribution of the gamma ray to the first excited state of Ne20 
at H»y=1090 keV was found to be W(@)=(1+0.028)+(0.363+0.051) P2(cos 6) 


—(0.019-+0.069) Py(cos 6). 


From this result the spin and parity of the 


13.91 MeV state of Ne20 was determined to be 2-. 


Introduction 


§1. 

The investigation of F1(p, 7)Ne®® reaction 
is important as a means to study the struc- 
ture of Ne”? nuclei. Experimental results on 
this reaction, however, are not as numerous 
as those on the competing reaction F1°( p, a7)O** 
because of the following reason: ‘The cross- 
section of the reaction F'%(p, 7)Ne*, is, in 
general, less than 1% of the cross-section 
for the reaction F'%(p, a7)O'*® and the reso- 
nance energies for both reactions coincide in 
most cases’). Therefore the former reaction 
is liable to be obscured by the latter in spite 
of the difference in energies of prominent 
gamma rays, i.e. 6~7 MeV for the reaction 
F°(p, ay)O'® and more than 10 MeV for the 
reaction F‘*(p, 7)Ne?°*-®. A tedious pro- 
cedure has to Le followed to separate the yield 
of high energy gamma rays from that of the 
pile-up of low energy gamma rays. 

For the 669 keV resonance in the F!*( p, 7) Ne” 
reaction the energy of the most intense 
high energy gamma ray was found to be 
11.88 MeV which indicated that the transition 
occurs between the 13.511 and 1.632 MeV ex- 
cited state of Ne”. Clegg et al.®, also found 
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Technology, Meguro-ku, Tokyo. 

*** Mitsubishi Atomic Industries Incorporated. 
Ohtemachi Bldg., Chiyoda-ku, Tokyo. 

**** Radio Isotopes Laboratory, University of 
Tokyo, Bunkyo-ku, Tokyo. 


that the 11.88 MeV gamma ray was in coinci- 
dence with the 1.63 MeV gamma ray. Farney 
et al.* found that the angular distribution of 
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Fig. 1. Shows the pertinent levels of the Ne®* 
nuclide. 


2091 


2092 


the high energy gamma ray was isotropic 
within 2%, which was compatible with /=1* 
assignment for the compound state corre- 
sponding to the 669 keV resonance. 

In the present paper the gamma rays for 
the resonances at E,=669, 1090, and 1425 
keV are studied. The angular distributions 
of the gamma rays which go to the 1.63 MeV 
excited state are also investigated at those 
resonances. From the observed angular dis- 
tribution functions the spins and parities of 
the compound states are discussed. 


§2. Experimental Arrangement and Pro- 
cedure 


The bombarding protons for the present 
experiment were provided by the electrostatic 
accelerator at the University of Tokyo. The 
proton energy was held constant within 0.1 
% during each run by means of a 45° 
magnetic analyzer and a feed-back system. 
The beam current of 2.0 to 3.54A was 
generally used and its fluctuation was kept 
as small as possible. 

A target chamber used for the present ex- 
periment was made with one millimeter 
thick brass cylinder of 5cm in diameter and 
7cm in height. The chamber was electrically 
insulated from the beam duct to measure 
the beam current by a current integrator. 
Two kinds of targets were prepared by eva- 
porating CaF, on 0.15 millimeter thick tanta- 
lum backings. The one which was used for 
excitation curve measurement was about 4.7 
keV thick for 874keV protons and the other 
for the angular distribution measurements 
was about 16.3keV thick for protons of 874 
keV. 

Two scintillation counters were used for 
the measurement of gamma-ray spectra. One 
of them was a 3’ x3” Nal(7/) crystal and 
was used for high energy gamma rays (Ey> 


10 MeV). It was mounted on a rotating arm 
for the purpose of angular distribution 
measurements. The output pulses were fed 


into a twenty-channel pulse height analyzer. 
The other counter was a 2’ x2’ Nal(T/) 
crystal and was used for low energy gamma 
rays (Ey>4MeV). The output pulses of this 
counter were fed into a single-channel pulse 
height analyzer. This counter was used for 
counting 6~7 MeV gamma rays in measuring 
the excitation curve, and was also used as a 
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monitor counter angular distribution 
measurements. 

For the study of the excitation curves of 
the F1°(p, 7)Ne2? and Fp, a7)O'* reactions 
the high energy detector and the low energy 
detector were set at 50° and 140° to the 
beam, and at 9.0cm and 8.7cm from the 
target, respectively. In order to detect only 
the gamma rays between the compound 
states of Ne?’ and the 1.63 MeV first excited 
state, the bias of the twenty-channel pulse 
height analyzer was set to an appropriate 
value which cuts off 6~7 MeV gamma rays 
completely and was changed with the energy 
of bombarding protons. The energy scale of 
the gamma ray detector was frequently 
checked by measuring the intense gamma 
ray of 6.14MeV from the Fp, ay)O'* re- 
action. The integral bias of the single-channel 
pulse height analyzer was set to record 
gamma rays above 4 MeV in order to detect 
the gamma rays from the F'*(p, ay)O'* 
reaction mostly. 


in 


§ 3. Pile-up Correction 


Because of the presence of the strong re- 
sonances for the low energy gamma rays in- 
duced by the Fp, ayv)O%® reaction, the 
effect of pile-up in the gamma rays spectrum 
appeared very strongly even at about 12MeV, 
so that the correction for this effect was 
necessary. The following two methods of 
correction were applied in the measurements 
of the excitation curves and the angular dis- 
tributions respectively. 

In the case of the excitation curve measure- 
ments the method of Farney etal.’ was 
used. The Total number of counts Mio: which 
appear in the high energy region is com- 
posed of the true high energy gamma ray 
counts Nirw, background counts Ns, and 
pile-up counts WN,» or 

Neot =Nerut+ No+ No=Noirut No+aN?/T 


where N is 6~7MeV gamma ray counts 
during the time of observation JT. Ny» is 
linear in N?/T and coefficient a contains all 
unknown factors which can be determined 
experimentally. 

In this experiment the value of a was de- 
termined by bombarding a fluorine target by 
874 keV protons. It was assumed that there 
were only 6~7 MeV gamma rays in the 874 
keV resonance, which were induced by the 
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F1°(p, a7)O'® reaction and that all the counts 
in the high energy region came from either 
the pile-up or the background. Noe and N; 
were counted for several values of constant 
beam current. The resultant counts in the 
high energy region after subtracting the 
background counts were plotted as a function 
of N?/T, as is shown in Fig. 2. From the 
figure the coefficient of the slope, a, is de- 
termined to be 1.5x10-‘sec/counts. In the 
study of the excitation curve, the pile-up 
counts were corrected by using this value. 
It would be desirable if the pile-up counts and 
the background counts could be eliminated 
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Fig. 2. Pile-up counts vs N2/T for proton bom- 
bardment of fluorine at Hy,»=874keV. WN is 
total yield and TJ is counting time. 
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Fig. 3. Excitation curve obtained near the 
Ey=1090 keV resonance using the target of 
16.4 keV thickness. 
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automatically by subtraction. In the study 
of angular distribution, the excitation curve 
was measured near the interested resonance 
using the target of 16.3keV thickness. In 
Fig. 3 the excitation curves near the 1090 
keV resonance of F'%(p, ay) and F1%(p, 7) are 
shown. In this figure closed circles and open 
circles show the yields of the high energy 
gamma rays and low energy gamma rays, 
respectively. An arrow B indicates the 
proton energy where the yield of low energy 
gamma rays is the same as at the resonance 
energy indicated by an arrow A. The posi- 
tion indicated by arrow A is at the exact 
resonance of the reaction F1p, 7)Ne?° but 
the position of arrow B is assumed off-reso- 
nance. The high energy gamma ray angular 
distribution at the 1090keV and 1425 keV 
resonances in the reaction F!°(p, 7)Ne®° were 
obtained by making the following subtraction 
method. The high energy gamma ray counts 
at arrow A are generally composed of the 
true high energy gamma ray counts, pile-up 
counts and background counts. On the other 
hand the high energy gamma ray counts at 
arrow B are assumed to consist only of pile- 
up counts and background counts. Thus the 
true high energy counts were obtained by 
subtration the high energy gamma ray counts 
at arrow B from the high energy gamma ray 
counts at arrow A. 


§4. The Experimental Results 


(a) Two excitation curves were obtained 
by measuring the gamma rays associated 
with the transition from Ne? compound 
states to the first excited state and the 
gaimmmasrays ot OF (p)-a7)O"s *The target 
thickness was 4.7keV. In this measurement 
the proton energy was changed in 1 keV step 
near resonance energies and in 4keV step 
elsewhere. These results are shown in Fig. 
4, where curve A is yield of gamma ray with 
energies above 4 MeV, curve B is the yield of 
the gamma rays resulting from the transition 
from Ne2° compound states to the first excited 
state of Ne? correted only for background 
counts, and curve C is the excitation curve 
corrected for the pile-up. Proton energy was 
calibrated by referring to the 990.8-+0.2 keV 
resonance in the reaction Al?"(p, 7)-Si’®. 
The errors in proton energies were estimated 
to be less than 3keV. In curve A of Fig. 4, 
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Fig. 4. Gamma ray yield from proton bombardment of 4.7 keV thick calcium floride target. 
A shows the yield of gamma ray with energies higher than 4MeV, curve B shows the yield 
of gamma rays with energies higher than 10 MeV and curve C shows the 12 MeV gamma ray 


yield corrected for pile up. 


peaks are found at E,=1090, 1138, 1184, 1284, 
1350 and 1375 keV, which are to be considered 
as the previously reported resonances of the 
Fp, ay)O reaction“. In curve B peaks 
are found 1090, 1350 and 1425keV. In the 
corrected excitation curve (curve C), only 
two peaks are found at 1090 and 1425keV. 
These two peaks are considered to be the 
resonances of F!%(p, 7)Ne®® reaction*»». The 
peak at 1350 keV in curve B disappears after 
the pile-up correction. 

The resonance at E»y=1322 keV, which was 
reported by Sinclair) and Farney et al.) was 
not observed. The cross-section at the peak 
of this resonance was estimated to be less 
than 20% of the peak cross-section of the 
1090 keV resonance, which was measured to 
be less than 0.05mb by Sinclair). The 
widths of the 1090 and 1425keV resonance 
were found to be about 1keV and 15keV, 
respectively. 

(b) Fig. 5 shows the gamma ray spectra 
taken at E,»=669, 1090, and 1425keV. The 
resonance energies are indicated on each 
curve. In each curve of Fig. 5, arrows a, a’ 
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and a’”’ show the expected position of the full 
energy peaks of the gamma rays resulting 
from the transition from the compound state 
of Ne?° to the ground state, and arrows b, b’ 
and b’ show the expected positions of the 
full energy peaks of the transition to the 
first excited state. The energies at arrows 
b, b’ and b” are 11.88, 12.29 and 12.59 MeV, 
respectively. Arrows c, c’ and c”, and d, d’ 
and d’’ show the expected position of the 
one quantum escape and two quanta escape 
peaks of the gamma rays corresponding to 
arrows b, b’ and b”, respectively. Arrows 
e, e’ and e” show the expected position of the 
full energy peaks of the 6.14MeV gamma 
ray of the F1°p, ay)O'* reaction. The ratio 
of the gamma ray yield (the area under 
arrow a’’) corresponding to the ground state 
transition to that of the transition to the first 
excited state (the area under the arrow b” 
for the 1425keV resonance) was measured to 
be less than 4%. 

(c) In the measurements of the angular 
distributions at the resonances 669, 1090 and 
1425 keV, the high energy gamma rays (11.88, 
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12.28 and 12.59 MeV) were detected at @iq.= 
0°, 22.5°; 45°, 67.5°, 90° and 107.5° with 
respect to the proton beam. The high energy 
gamma ray yield was obtained by adding 
all counts that appeared in channel 65 to 
channel 75. 

The angular distribution of the 11.88 MeV 
gamma ray at H»=669 keV was found to be 
almost isotropic. This result is consistent 
with the previously reported assignment*.!” 
of J=1* for the 13.511 MeV compound level 
of Ne?®. 
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Fig. 5. Spectra of the gamma rays from 


F1%(p,7)Ne® at Hy=669, 1090 and 1425 keV. 
Arrows a and b show the expected position of the 
full energy peaks of gamma ray resulting from 
the transition from Ne2? compound state to the 
ground state and to be first excited state, re- 
spectively. Arrows c and d show the expected 
positions of the one quantum escape and two 
quanta escape peaks of the gamma ray corre- 
sponding to the one arrow b, respectively. The 
arrow e shows the full energy peaks of the 
6.14 MeV gamma ray of the F!°(p, a7)O" reaction. 
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The angular distribution of the 12.28 MeV 
gamma ray at H»=1090 keV was taken at on- 
resonance and off-resonance. These measure- 
ments were repeated three times and the 
energy scale of the spectrometer was adjusted 
before and after the counts were taken. 
The least square fit!® to the measured angular 
distribution of the 12.28 MeV gamma ray at 
Eny=1090 keV was 


W(@) =(1£0.028) + (0.363-+0.051) P2(cos A) 
—(0.019=-0.069)P.s(cos 0) . 


The curve of the least square fit is shown in 
Fig. 6 together with the measured points. 
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Fig. 6. Angular distribution at E,=1090keV.. 


The solid line represents the least square fit. 


The angular distribution at Hy,y=1425 keV 
was measured in a similar procedure. The 
least square fit to this angular distribution. 
was 


W(0)=(1£0.012) — (0.01 0.01) P2(cos 4) 
—(0.01-+0.02)P.(cos @) . 


These results were not corrected for the 
finite solid angle of the detectors, since the 
correction factor for the coefficient of 
P.(cos 9) was estimated to be less than 1%1®). 


§5. Discussion 


The theoretical coefficients of the angular 
distribution of (p, 7) reaction for several 
values of spins and parities of compound 
states are shown in Table I. According to 
this table and the experimental distribution 
of the 12.28 MeV gamma ray at £,)=1090 keV 
which was obtained in the last section, /=2- 
assignment for the 13.909 MeV compound 
level of Ne?’ is most plausible. In this re- 
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l is the 


orbital angular momentum of incident protons, S is the channel spins and J” is the 


spins and parities of the compound state. 


sented by W(e)=1+a2P2(cos 6)+a4P,(cos 6). 


The angular distribution function is repre- 


l S J® a2 as 
ee O+ 1- El Z0.4 0 
1 O+ 1- M2 ~0.5 0 
1 1+ 1- El +0.05 0 
1 1+ 1- M2 +0.25 0 
1 1+ 2- El +0.35 0 
1 1+ 2- M2 0, i 0 
2 0+ 2+ E2 —0.15 —0.49 
2. 0+ 2+ M1 ~ 40.50 0 
2 1+ 1+ Ml —0.05 0 
2 1+ 1+ E2 20125 0 
2 1+ Q+ M1 +0.25 0 
2 1+ 2+ E2 —0.08 +0.33 
2 1+ 3+ M1 —0.34 0 
2 1+ 3+ E2 +0.12 +0.45 


sonance the gamma ray induced by the 
F1p, a7)O'* reaction was also observed. The 
assignment of /=2- is consistent with the 
fact that the compound level of Ne®® which 
decays to the 2nd, 3rd and 4th levels of O* 
by emission of alpha particles have even /— 
odd parity or odd j/—even parity so far as 
observed”. 

The ground state transition at H»=1090 keV 
resonance is negligible small compared with 
the transition to the first excited state. No 
information was obtained for the cascade 
transition to the 4.97 MeV level which was 
reported by Kane etal.”. It is known for 
Ey»y=669 keV resonance that the transition to 
the first excited state is predominant in com- 
parison with the transition to the ground 
state”. The present experiment confirms 
this fact. The theoretical explanation of this 
fact was given by Kane, Pixley and 
Wilkinson”. 

The angular distribution of the gamma 
rays for the E»=669keV resonance which 
corresponded to the transition between the 
13.511 MeV compound state of Ne®® and the 
first excited state was found to be isotropic 
within 2%. This result is consistent with 
J=1* assignment for the compound state 
which was reported previously”). 

The result of the angular distribution of 
the 12.6MeV gamma ray for the E,=1425 


keV resonance was found to the also isotro- 
pic within 2%. It is compatible with the 
assignment of J/=1* for the 14.227 MeV com- 
pound level of Ne®® which was obtained by 
the result of F'%(p, p)F!® experiment!”. It 
should be noted that the F!%(p, a7)O'® reac- 
tion was not observed in this resonance in 
contrast to the resonance of H,=669 keV. 
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Breakup of Deuterons by the Reactions H(d, p)pn with 
E.=18 MeV and D(p, p)pn with E,=9 MeV 
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(Received July 27, 1961) 


The energy spectra of protons from the reactions H(d, p)pn with Ha 
=18 MeV and D(p, p)pn with Hy»=9 MeV have been measured as a func- 


tion of angle. 


After conversion to the c.m. system, the shapes of the 


spectra have been examined in connection with pair interaction between 


nucleons in the final state. 


The differential cross section of protons 


emitted by the reaction p+d>-p+p+n has a minimum at about 120° 
similar to the cross section of »+d elastic scattering. 


Introduction 


$1. 

The breakup of deuterons by nucleon bom- 
bardment is the simplest nuclear three-body 
reaction. Especially at low energies where 
the transit time of the bombarding nucleon 
across the interaction region is of the order 
of that of the internal motion of the deuteron, 
it is expected that the bombarding nucleon 
interacts with both particles of the deuteron 
and the study of this reaction is of importance 
to study the mechanism of the nuclear three- 
body interaction. 

Recently the energy spectra of neutrons 
from the reaction p+d-p+p+m at an ap- 
proximate total reaction energy (the total 
kinetic energy in the c.m. system of the 
three particles after deuteron breakup) of 4 
MeV were investigated at 0° and 180° by N. 
A. Vlasov and his co-workers’. These spec- 
tra show interesting structure which can be 
satisfactorily explained by pair interaction 
between the nucleons in the final state”. But 
in spite of its importance, the amount of in- 


formation on the angular dependence of the 
energy spectrum of emitted nucleons is 
scanty. (There is an attempt to obtain the 
spectra of breakup protons by the reaction 
H(d, p)pn, which are at backward angles in 
the case of an incident nucleon.) 

Previously we reported the measurement of 
the spectra of breakup protons at several 
angles at H,=14MeV*. In this paper, the 
energy spectra of the protons from the 
reaction p+d—>p+p-+n at various c.m. angles 
between 20° and 150° at a total reaction energy 
of 3.8 MeV are investigated. The conversion 
to c.m. angles was made using the measure- 
ments of the spectrum of breakup protons at 
various laboratory angles for the reactions 
H(d, p)pn with 18 MeV deuterons and D(p, p)pn 
with 9 MeV protons. 


§2. Experimental Arrangements and Proce- 
dures 

This work was carried out on the INSJ- 

160 cm variable energy cyclotron. The experi- 
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mental arrangements were almost the same 
as those used in the previously-reported study 
on D(p,p)pn at Epy=14MeV. The external 
proton and deuteron beams of the cyclotron 
(whose energies were adjusted by the condi- 
tions of cyclotron operation and were deter- 
mined by measurement of the range in Al 
foil) were collimated and focussed at the 
center of the 100cm diameter scattering 
chamber. At the center of the scattering 
chamber, a 15cm diameter gas target cham- 
ber with a 25 micron-thick mylar window ex- 
tending to 290° of arc was located. On the 
turntable a detector slit system and a particle- 
selecting counter telescope composed of an 
improved five-layer proportional counter and 
an Nal scintillation counter were placed to 
detect the breakup protons. 

At some angles, a part of the breakup pro- 
ton spectrum in the pulse height distribution 
of Nal counter output pulses was masked by 
elastically-scattered or recoil deuteron pulses. 
For these portions, the five-layer proportional 
counter was used to separate the proton and 
the deuteron signals and to remove the deu- 
teron pulses from the Nal counter output 
pulses by means of the smallest-pulse-select- 
ing circuit and a coincidence-anticoincidence 
circuit. For the other parts of the spectra, 
the telescope counter was used only as a tele- 
scope to reject background counting in the 
Nal counter output due to 7-rays and neutrons. 
The block diagram of the counting electronics 
is shown in Fig. 1. The five-layer propor- 
tional counter used in the previous 14 MeV 
pt+d experiment was changed to a wide- 
window type in order to reduce the particle 
loss due to multiple scattering, and its 
calculated particle loss was less than 1% for 
3 MeV protons. 


bet 
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Counts per Channel 


background counting 
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Fig. 2. Pulse height distribution in the NaI coun- 
ter in coincidence with the five-layer proportional 
counter pulses. 
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Fig. 2 is an example of the spectrum of 
Nal counter output pulses in coincidence with 
the five-layer proportional counter pulses. 
When coincidence with the five layer propor- 


Smallest Pulse > 
Selecting Circuit 


Fig. 1. Block diagram of the counting electronics. 


tional counter was used, the background be- 
came negligible at all angles larger than 10° 
both in the case of incident protons and of 
incident deuterons, and the background 
correction was small even at 10°. At 10° the 
background spectrum obtained with the gas- 
evacuated target was subtracted from the 
spectrum of the gas-filled target. 

Breakup proton spectra were obtained at 
laboratory angles between 10° and 50° for 
the case of incident protons and between 10° 
and 45° for the case of incident deuterons. 


§3. Results 


After subtracting the background and the 
elastically-scattered and recoil particle tails, 
which were discussed in the previous paper®, 
the observed pulse height distribution at each 
angle was converted to an energy spectrum 
using the pulse height-energy conversion 
curve obtained by means of the pulse heights 
of elastically-scattered and recoil protons at 
various scattering angles and their kinematic 
relationships. In our detector system, the 
cut-off energy for protons was 2.6 MeV. 

Then the energy spectra were converted 
into the center of mass system. However, 
the conversion of continuous spectra to the 
center of mass system is very complicated, 
because each point on the spectrum at one 
laboratory angle corresponds to a point on 
the spectrum at a different center of mass 
angle respectively, and because the spectrum 
at one center of mass angle is composed of 
points on the spectra of a range of laboratory 
angles. In order to obtain the spectrum at 
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each center of mass angle, we had to do as 
follows: 

At first, the angle and the energy of each 
point of the proton spectrum at each laboratory 
angle were converted to the respective angle 
and energy in the center of mass system, 
and the cross section of each point in the 
center of mass system was obtained by 
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Fig. 3a. Energy spectra of protons emitted by 


the reaction p+d->p+p+n at center of mass 
angles between 20° and 80°. 
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Fig. 3b. Energy spectra of protons emitted by 
the reaction p+d>p+p+n at center of mass 
angles 90° and 100°. 
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the reaction p+d>p+p+n at center of mass 
angles between 110° and 150°. 
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correcting for the difference of its solid angle 
and dE in the laboratory system and in the 
center of mass system. Then the data were 
replotted as an angular distribution of the 
cross section at each center of mass energy. 
Interpolating these graphs, we obtained the 
energy spectrum at each center of mass angle. 
The energy spectra thus obtained are shown 
in Fig. 3. The values of cross section in- 
dicated in these figure correspond to one half 
of the proton yield and indicate the reaction 
cress section for deuteron breakup, because 
in any one event two protons are emitted. 
The results have an accuracy of at least +5 
percent. 

The spectra we obtained have not shown 
any remarkable structures such as the spectra 
of neutrons at 0° and 180° measured by 
Vlasov and his co-workers. But there are some 
characteristic features: 

1) At forward angles (20°, 30° and 40°), 
the cross section smoothly decreases with 
higher energy. But at angles larger than 60°, 
the distributions near their upper bounds are 
rather flat, and at 150° the spectrum shows 
a small peak at its upper bound. 

2) At backward angles, where we could 
observe the lower energy parts of spectra, 
especially at 130° and 140°, the spectrum 
shows a broad swelling in the neighborhood 
of 0.6 MeV. At forward angles, at the lower 
end of the spectrum (0.8-0.9 MeV), the curves 
have a flat or rather upward tendency to- 
wards the low energy side and this tendency 
may suggest the existence of a peak ora swell- 
ing in the neighborhood of 0.6 MeV, although 
we do not have any data to be discussed in 
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Fig. 4. Angular distributions of the differential 
cross section of protons emitted by the reaction 
ptd>pt+pt+n. 
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this energy region at the forward angles. 

3) In the middle energy region there is 
some structure. 

The angular distribution of the differential 
cross section of protons emitted by the 
reaction p+d-—p+p-+mn with energies greater 
than 0.8MeV, and the angular distribution 
of the differential cross section of emitted 
protons of any energy, which was obtained 
by some assumptions about the form of the 
spectra down to zero energy, are shown in 
Fig. 4. These distribution are compared with 
the angular distribution of the differential 
cross section of #+d elastic scattering with 
E»=9.7 MeV. These curves have a minimum 
at about 120° similar to the cross section of 
elastic scattering. 


§4. Discussion 

The effect of pair interaction in the final 
state on the slow nucleon spectrum was con- 
sidered by Migdal®. According to his calcula- 
tion, the distribution in relative energy EL 
between two nucleons near E=O for a proton 
and neutron pair has the from 


dw=const. ae ; 
where ¢=0.07 MeV for the singlet state and 
2.23 MeV for the triplet state. The distribu- 
tion has a maximum at an energy of the 
order of «. For two protons, the relation is 
more complicated due to Coulomb repulsion. 

In our case, it seems that the interaction 
of a proton and a neutron in the final singlet 
state affects the shape of the spectrum near 
its upper bound due to another proton and 
also affects the shape at its lower energy side 
in the neighborhood of 0.6MeV due to the 
proton interacting with the neutron. The 
interaction of two protons may affect the 
shape of the spectrum at its middle and low 
energy region, because in this case the rela- 
tive energy of the two protons is not neces- 
sarily small in the region of the maximum of 
dw and the distribution of the relative energy 
of the two protons is considerably broadened 
due to Coulomb repulsion. 

If the peak at the upper bound of the 
spectrum is due to the final state interaction 
of a proton and a neutron in the singlet state, 
it may correspond to the lower energy side 
peak of the neutron spectrum at 0° c.m. 
obtained by Vlasov and his co-workers. Its 
appearence at backward angles may signify 
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a large probability of neutron pickup in the 
forward direction by the incoming proton, 
and the angular variation of the swelling at 
the upper bound may correspond to the 
angular variation of the probability of neutron 
pickup. 

In the middle energy region, the inter- 
ference due to two proton interaction and to 
proton-neutron interaction may be effective 
in explaining the shape of the spectrum, and 
in the region between the middle and low 
energy region two proton interaction and 
proton-neutron interaction may be effective. 
However, in order to discuss these effects, 
a more detailed calculation is required. 

If we integrate the cross section over angles 
between 20° and 150°, and over energies 
larger than 0.8MeV, we obtain a partial 
reaction cross section of 94mb. Futhermore, 
if we make some assumptions about the form 
of the spectra down to zero energy and ex- 
trapolate to 0° and 180°, we obtain a rough 
estimate of the total reaction cross section of 
200mb. This value is not inconsistent with 
other experimental knowledge about +d or 
n+d reactions and with Frank and Gammel’s 
estimation of the total reaction cross section 
of p+d breakup reaction. 
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Inelastic Scattering of Protons from Several Light Odd-Even 
Nuclei in the Energy Range from 6.0 MeV to 7.5 MeV 


By Jun KOKAME 
Institute for Chemical Research, Kyoto University, Kyoto 
(Received July 31, 1961) 


Protons accelerated by the 105cm cyclotron of Kyoto University were 
used to investigate the energy dependence of the angular distributions and 
the reaction mechanism of the inelastically scattered protons from the 
odd-even nuclei, BU, F!9, Al?? and P3! at 6.0~7.5 MeV using conventional 
electronic techniques. It was found that (a) the energy dependence of 
the angular distribution has close relation to the excitation energy of the 
compound system, namely above the excitation energy of about 13 MeV 
in the compound system, many patterns of the angular distributions 
including that of the light even-even nuclei were relatively energy- 
independent: (b) Total cross sections were considerably smaller than that 
of the neighbouring even-even nuclei and less energy-dependent: (c) In 
the case of F!9 the shapes of the angular distributions suggested the 
existence of a direct interaction: (d) The relative yields from the various 
levels of Al?? might have some relation to its nuclear structure in the 


Nilsson model. 


$1. Introduction 

Both experimental'!-'” and theoretical!*—**) 
investigations for the inelastic scattering of 
rotons from various nuclei in the energy 
range from several MeV to a few tens of MeV 
thave been performed by many authors. 

From these results, it seems to be fairly 
well established that in medium weight and 
light-medium weight nuclei, such as Ti, Cr, 
Fe, Ni and Zn,?:*.°.19 the experimental results 
sshow generally a forward peak in the angular 
distributions at the proton energies greater 
‘than 6~7MeV. These peaks in differential 
cross sections are almost independent of proton 
energy in considerably wide range’® so that 
‘the evidence of the direct interaction can be 
confirmed at these incident energies. In fact, 
‘satisfactory agreements between experimental 
results and theoretical descriptions in the 
angular distribution were obtained in many 
Cases.” 18) 

In these nuclei the forward peak becomes 
less prominent according as the incident 
energy decreases, while the backward cross 
‘sections increase almost uniformly.®.*® At 
the incident energy less than several MeV, 
these angular distributions become fairly iso- 
tropic.» This tendency does not conflict with 
the concept of the compound nucleus process 
with the continuum and statistical assump- 
‘tions which show an isotropic or 90° sym- 


metric angular distribution. for such 
medium weight nuclei in that energy range. 
Thus, in the nuclei of medium weight, it 
could be concluded generally that the reac- 
tion takes place mostly through the compound 
nucleus process at the relatively low energies, 
and the direct interactions come to play an 
important role beyond several MeV of incident 
energy. 

On the other hand, in the light nuclei such 
as C?, Ne??, Mg’, Si?® and S*, the matters 
are not so clear as in the case of medium 
weight nuclei. There are many experimental 
evidences? ".1© to show the violent change in 
the pattern of the angular distributions with 
a little change in incident energy, especially in 
the energy range from several MeV to about 
10 MeV or more. It has been understood by 
many authors‘ ®.!» that these change in the 
pattern of the differential cross sections with 
energy is mainly attributed to the inter- 
ference effect in the compound nucleus”, 
because inadequate number of levels for 
satisfying the statistical assumption are ex- 
cited in such a light nuclei at these low 
energies. (In some cases the interference be- 
tween the compound nucleus and direct inter- 
action mechanism was also suggested.’”) But 
these circumstances are difficult to be con- 
firmed by the reasonable agreement between 
experimental results and theoretical calcula- 
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tions. There is not yet any decisive evidence 
to exclude the direct process in the light 
nuclei at relatively low energies where the 
the pattern may be energy-dependent.” 

The most investigations performed up to 
date about the (pf, p’) reaction at various in- 
cident energies are restricted to the scatter- 
ing from the even-even nuclei except rather 
a few cases (Li’® and Be®*.4%), Little study 
was made about the energy dependence of the 
angular distributions of the (p, p’) scattering 
of the odd-A nuclei, to the best of the author’s 
knowledge. It seems to be worthwhile to 
investigate the (p, p’) reaction using the odd- 
A nuclei for obtaining further knowledges 
about the reaction mechanism. 

The inelastic scattering of protons from the 
odd-A nuclei has some characteristics in com- 
parison with those of the even-even nuclei. 
(a) The excitation of the compound nucleus, 
which may be formed by the target nucleus 
plus an incident proton, is considerably higher 
than that of the neighbouring even-even 
nuclei for the same incident proton energy. 
(b) The thresholds of the (p, 2) reaction of 
the odd-A nuclei are considerably lower than 
that of the even-even nuclei. (c) The spins 
and parities of both the ground level and the 
excited levels have much variety, whereas 
that of the even-even nuclei is restricted to 
0+, 2+, 4+---. Thus the momentum trans- 
fers are not necessarily limited to an even 
value, which is mostly 2 in the even-even 
nuclei already investigated. (d) Relatively 
many levels of different spins of the residual 
nucleus could be expected to be excited, so 
that it is possible to compare the angular 
distributions and the cross sections with their 
energy dependence between the proton groups 
leaving the residual nucleus in the different 
excited states. (e) The (p, p’) scattering of 
the light odd nuclei are the mirror reactions 
of the (p,m) reactions of the same target. 
Since the residual mirror nucleus can be ex- 
pected to have the same spin-parity in the 
corresponding level, the comparison of these 
two reactions in the angular distribution and 
in the cross section at the same incident 
energy is very intersting to understand the 
reaction mechanism. 

In the present paper B!!, F!9, Al?? and P# 
are investigated at several proton energies 
ranging from about 6.0 MeV to 7.5 MeV. 
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§2. Experimental Procedure 


A beam of protons accelerated by the 105: 
cm cyclotron of Kyoto University” is deflect- 
ed out and focused by a couple of quadrupole 
magnets” ona tantalum slit of the collimator 
just before a scattering chamber so that 
a circular spot, 5mm in diameter, is produced 
at the target. The scattering chamber*!, 52 
cm in inner diameter, has a turn table on 
which a set of scintillation counter described 
below is set up in such a way that the axis 
of the slit system of the counter cross the 
centre line of .the turn table. A monitor 
counter which is the same as the detector on 
the turn table is connected to the outside 
wall of the chamber across a view window at 
a laboratory angle of 90° to the direction of 
the incident beam. 

A Faraday cup is placed behind the chamber’ 
in order to measure the beam current. At 
the bottom of it a narrow hole is provided 
which has a graphite shutter with a piece of 
small magnet behind it. Usually the shutter 
is closed by the force of an electromagnet 
outside the vacuum, the field of which also 
prevents the escape of secondary electrons. 
from the Faraday cup. When the current of 
the electromagnet is cut off, the shutter is. 
opened so that the beam can be brought out 
from the vacuum through an aluminum foil, 
40 » in thickness, to an energy measurement 
device. This device and the method of 
measuring the energy are the same as that 
of the INS*, University of Tokyo?®:”. 

From the Bragg curve thus measured, the 
energy of the proton beam was determined 
after the manner of Mather and Segré®”), and 
the range energy relation published by Bichsel 
et al.**) The maximum energy of 7.45 MeV 
and the maximum current of about 0.1 vA at 
the Faraday cup were obtained. The incident _ 
energy was changed by the stacked aluminum. | 
foils placed in front of the collimator. 

The energy spread of the beam after pass- 
ing through the collimator is considered to be 
less than 50keV. The change of the incident 
energy during the measurements was kept. 
to be less than one percent. 

The main detector on the turn table in the 
scattering chamber is shown in Fig. 1. A 
thin CsI (TI) or Nal (TI) scintillation crystal, 
about 25 mm in diameter, 0.6mm and 1.5mm. 

* Institute for Nuclear Study. 
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in thickness respectively, was supported by 
fine wires® in the reflection room painted with 
titanium oxide paint at an angle of elevation 
of about 30° to the direction of scattered 
particles. They plunge into the room for 
light reflection through 6» aluminum foil for 
light shield. A photomultiplier, RCA 6342A 
or 5819, with annealed mu-metal shield was 
mounted on the reflection room as shown in 
the figure. The inside of the housing of the 
detector was evacuated through a light-shielded 
hole together with the scattering chamber by 
an oil diffusion pump. 

When the Nal(Tl) crystal was used, the 
whole detector was desiccated for several days 
in a dry box in which the humidity was kept 
below 10%. No change was discerned on the 
crystal surfaces before and after the experi- 
mental runs continued for several days. 

A proportional counter**, of which gas 
pressure is about 40cmHg of argon with 
a few percent of CO2, was used to discrimi- 
nate the pulses of the alpha-particles produced 
by the competing (f, a) reaction from that of 
the scattered protons. Sometimes the counter 
was also used to eliminate the 7-ray back- 
ground by usual coincidence techniques. 

The signal pulses from these counters were 
brought to the counting room through the 
cathode followers connected closely to the 
counters in the scattering chamber and 
through the coaxial cables, 30m long. They 
were amplified, dicriminated, and displayed on 
the multichannel pulse-height analyzer in 
an usual manner. The block diagram of the 
experimental set-up in electronics is shown 
IDE ig. «2. 

Amoung the four kinds of target materials, 
B, F, Al and P, B" enriched to 96.7% was 
obtained from ORNL Isotope Division in the 
form of fine metallic powder. Targets of B" 
and P%! were made by allowing the suspen- 
sion of boron or red phosphorus in alcohol to 
settle onto an about 0.2 mg/cm? thick gold 
foil backing with a thin copper frame, and 
allowing alcohol to evaporate at room tem- 
perature. A cylindrical wall of teflon was 
used to fill alcohol on the gold backing which 
is placed on a thin teflon sheet. The sedi- 
mented B't powders were found to cohere 
themselves fairly well, but to adhere rather 


** The author is indebted to Dr. K. Fukunaga 
for the design and preparation of the counter. 
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poorly to the gold backing. However no 
binder was used for the reason that the most 
binders contain carbon in them so that elas- 
tically scattered protons from boron could 
not be distinguished from those of carbon. 
The boron targets 0.5~4.0 mg/cm’, estimated. 
by weighing, were prepared by this method. 
As for the uniformity, it was considered to: 
be satisfactorily good for the targets heavier 
than about 0.5 mg/cm’. 

In the case of phosphorus, it was found to 
adhere well to the gold backing without any 
binder. The thickness of about 1 mg/cm? was. 
used. 

For the target of F*%, poly-tetra-fluore- 
thylene (teflon) foils, about 2-2.5 mg/cm? in 
thickness, were used. The method of prepa- 
ration will be reported elsewhere. The teflon 
target was found to suffer progressive damage 
by the bombardment of the beam so that the 
target was raised step by step before suffer- 
ing from the serious damage. Absolute cross. 
sections were measured at one angle using 
a fresh and sufficiently uniform foil of known 
weight with the low intensity beam. 

For the target of Al?’, the commercially 
available aluminum foils of 0.67 mg/cm? were 
used. 


§ 3. Experimental Measurements and Results 


Boron 11. 

The typical pulse-height spectrum of pro- 
tons scattered from the target is shown in 
Fig. 3. The charged particles from the 
competing reactions in this energy range are 
only the alpha-particles from the reaction 
B'(p, @)Be® and those from break-up of re- 
sidual nucleus Be®. From the preliminarily 
calculated kinematics, some alphas were ex- 
pected to overlap with the peak of inelas- 
tically scattered protons in the pulse-height 
spectrum. The proportional counter was used 
to discriminate the protons from the alpha 
particles. Fig. 4 shows an example of the 
dE/dx spectrum obtained from the counter. 
For reference, the pulse-height spectrum of 
these alphas from the scintillation counter 
displayed on the multichannel analyzer is. 
shown in Fig. 5, which was obtained by the 
coincidence technique. In the (p, p’) measure- 
ment, protons were distinguished from these 
alpha-particles by the anticoincidence tech- 
nique, so that only the pulses of protons are 
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Fig. 3. The pulse-height spectrum of the scattered 
protons from the boron target. The energy 
levels corresponding to the peaks are also shown 
in the upper part of the figure. 
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Fig. 4. The dH/dx spectrum from the propor- 
tional counter in the case of relatively thick 


boron target. 


displayed on the multichannel analyzer. 
Several targets were prepared because of 
the brittleness. However, the same target 
was safely used throughout the measurement 
of the angular distribution at least at a fixed 
incident energy. Corresponding to the five 
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Fig. 5. The spectrum of the alpha particles from 
the reaction B'4(p, a)Be§ from the relatively 
thick boron target. 
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incident energies, three targets of different 
thicknesses were used, i.e. 2.37 mg/cm? for 
En=7.45 MeV, 0.95 mg/cm? for 7.22 MeV and 
6.81 MeV, and 2.35 mg/cm? for 6.55 MeV and 
6.14 MeV respectively. In every case, the 
proton group scattered from the contaminated 
hydrogens which may be attributed to very 
small amounts of H:O in the target was 
observed at the angles less than 90° lab. This 
peak masked the inelastic peak at about 
30° lab in each incident energy so that the 
differential cross section of the angle was 
missed. 

The boron nucleus and a proton form the 
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compound nucleus C!? of which excitation is 
15.9 MeV+ E>» (in C.M.), that is about 22 MeV 
in the present experiments. The incident 
energies were chosen in such a way that 
either the known levels*:*» in the compound 
nucleus are just excited or the excitation 
would be located between the known levels. 
In Fig. 6 levels of the compound nucleus C” 
and the positions excited by the incident 
beam are shown with the energy spread 
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caused by the target. 

The energy-dependence of the angular dis- 
tribution is shown in Fig. 7. It was also 
observed that the angular distributions ob- 
tained by the relatively thick target (4.2 
mg/cm’) for E»yY7.3MeV and Ey~6.9 MeV 
(not illustrated in the figure) show nearly the 
same pattern as that of the respective energy 
bey Les As 

The total cross sections calculated graphi- 
cally from the observed angular distributions 
are shown in Fig. 8. 


Fluorine 19. , 

Lowlying levels consist of several relatively 
well separated groups which contain two or 
three neighbouring levels respectively were 
excited as shown in Fig. 9. The correspond- 
ence between the excited level of the residual 
nucleus and the observed peak is also shown. 

The reaction F'°(p, a)O'® can compete with 
(p, pb’) scattering and a-particles are located 
in nearly the same position of the second 
inelastic group. However, these amounts ob- 
served were so small*) compared with those 
of protons that it could be subtracted in a 
the smooth background subtraction. It was 
confirmed by the check experiment in which 
the a-pulses were eliminated using the pro- 
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Fig. 9. The pulse-height spectrum of the scat- 
tered protons from the teflon target. 
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Portional counter, throughout the angles =9.5 MeV has the same shape as the present 

studied. results at lower energy, whereas that of py’ 
Fig. 10 shows the resultant angular distri- +ps'+ps’ is markedly different. 

bution and its energy-dependence of the in- 

elastically scattered protons from three levels, pa Caalew “Yeterca, F (pp) F's 
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Fig. 10. Angular distributions of the protons from 
the F1%p, p’)F19* reactions leaving F1!9 in the 
third, fourth and fifth excited levels. Incident 


energies are denoted in laboratory system. E 
600 

shown in Fig. 11. In these cases, energy rr) 

losses in the targets are estimated as about w 

150 KeV. The energy-dependence of the total 3 
cross sections is shown in Fig. 12. © 50 


There is few report about the angular dis- 
tributions of the F'%p, p’)F'** scattering, 
except the experiment performed by Gibson 
et al.!? at the proton energy of 9.5MeV. It O 
is interesting that the angular distribution of 6,5 [A°) (a) 
ps (this notation means the inelastically Proton energy in MeV 
scattered protons leaving the residual nuclei Fig. 12. Total cross sections of the F'%p, p’)F1* 
at the excitation of the sixth level) at Ep» reactions. Two groups are denoted in the figure. 


Total 


2108 Jun KOKAME (Vol. 16, 


Aluminum 27. 

The pulse-height'spectrum of the scattered 
protons from Al’ target is shown in Fig. 13. 
Although the (f,a@) reaction could occur 
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Fig. 13. The pulse-height spectrum of the scat- 
tered protons from the aluminum target. 
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Fig. 14. Angular distributions of the protons from 
the Al?"(p, p’)Al2”* reactions leaving Al?’ in the 
first and second{excited levels. Incident energies 
are denoted in laboratory system. 


energetically, the energies of these a-particles _ 
are relatively low on account of the low Q | 
value so that the proportional counter was of | 
use merely as an absorber for a@-particles to 
shift their peacks sufficiently apart from the | 
proton peaks. Some proton peaks from the | 
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Fig. 15. Angular distributions of the protons from 
the Al2"(p, p’)Al27* reactions leaving Al? in the 
third excited state. 


higher excited levels seriously suffered from 
the effect of y-ray background at backward 
angles in lower bombarding energies. There- | 
fore, the proportional counter was used to | 
eliminate the y-ray background in these cases. 

Four proton groups inelastically scattered 
were resolved as shown in Fig. 13. The 
angular distributions of these groups, i.e. pi’ 
+ po’, ps’, pa’ and ps’+po’, at several incident | 
energies are shown in Figs. 14, 15, 16 and 17 
respectively. The total cross sections of 
these groups are shown in Fig. 18. 

The inelastic scattering of protons from 
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Al" has been studied by Seward” at the 
energies of 7.00 MeV and 7.12MeV. These 
results are reproduced together with the pre- 
sent data in Fig. 19. The absolute cross sec- 
tions of the latter are normalized to Seward’s 
results at 90°. It is necessary to multiply 
the present value by the factor of about 1.5. 
This disagreement may be caused by the 
manner of the normalization used by Seward, 
who assumed the elastic scattering at 23° is 
pure coulomb scattering. However, the shapes 
of the angular distribution of both results show 
excellent agreement especially in case of 7.0 
MeV. 
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the Al27(p, p’)Al27* reactions leaving Al?? in the 
fourth excited states. 


Barros, Forsyth, Jaffe and Taylor*®®) have 
studied the Al?(p, p’)Al?** with a broad range 
spectrograph at E»,=5 MeV. They have ob- 
tained the angular distributions peaking back- 
ward for po’, p;’ and pfs’. The tendency of 
peaking backward appears in the present data 
of pi’ +p2" and pi’ at 6.5 MeV. 

Phosphorus 31. 

The typical pulse-height distribution is 
shown in Fig. 20. In this case some trouble 
was experienced. The progressive increase 
of carbon contamination was observed, which 
was probably caused by the vapour of diffu- 
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Fig. 17. Angular distributions of the protons from 
the Al?7(p, p’)Al?”* reactions leaving Al?7 in the 
fifth and sixth excited states. 
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Fig. 19. Comparison of the data obtained by 
Seward with the present results. Note that 
values of differential cross sections of the former 
are larger than the latter about 50% in both 
cases. 
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Fig..20. The pulse-height spectrum of the scat- 
tered protons from the phosphorus target. 


sion pump oil. The peak of the elastically 
scattered protons by carbons unfortunately 
overlaps on the peak of ~:’ from P*! at the 
angles greater than about 130°. It became of 
comparable order or more with the latter in 
some cases so that the same target could not 
be used for long measurement. However, it 
was found that the fresh target can be used 
without appreciable increase of the contamina- 
tion for several hours. Thus each measure- 
ment was started initially from an angle, say 
120°, at which the carbon peak can be re- 
solved clearly, and then the angles between 
160° and 120° were scanned. Negligibly small 
changes in contamination were thus confirmed 
by checking the carbon peak at the reference 
angle (120°) occasionally. At several angles 
between 90° and 130°, the carbon peak was 
well isolated from the neighbouring peaks of 
protons, so that its anglar distributions were 
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Fig. 21. Angular distributions of the protons from 
P3!(, p’)P31* reactions leaving P%! in the first 
excited state. Incident energies are denoted in 
laboratory system. Rather large errors at back- 
ward angles are caused by carbon contamina- 
tions in the target (see text). 
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extrapolated to the angular region in which 
the peaks overlap using the data reported by 
Nagahara’® and Schneider*”. Thus the rela- 
tively large errors at backward angles were 
introduced. Figs. 21 and 22 show the angular 
distributions of pi’ and p2’ respectively. The 
same target was used in the early runs, i.e. 
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Fig. 22. Angular distributions of the protons from 


P31(p, p’)P3!* reactions leaving P#! in the second 
excited state. 
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reactions. Two groups are denoted in the figure. 
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1.2mg/cm? at Ey=7.35, 6.95 and 6.54MeV 
and fresh targets of 1.0 and 1.1 mg/cm? were 
used in each run at E»y=7.10 MeV and 6.71 
MeV respectively. The energy losses of the 
incident beam in these targets are estimated 
as about 80 KeV. 

From Fig. 21, it can be seen that there is 
a very distinct anomaly in the angular dis- 
tribttion ‘of pre at Pp=7 10 MeV eT hisea- 
nomaly was re-examined twice by different 
targets. Similar results were obtained with 
almost the same incident energy. 


The total cross sections are shown in Fig. 
Oe 


$4. Discussion 


It can be seen from the survey of the pre- 
sent experimental results that the angular 
distributions for F!® and P*! show little change 
in their shapes with incident proton energy, 
whereas those of B!! and Al?’ are considerably 
energy-dependent, with a little exception in 
Al?’, Therefore, the cases of F'® and P#! 
will be taken up at first in the following dis- 
cussions. 


Fluorine: 

The stability of the pattern of the angular 
distributions with energy is fairly good for 
both inelastic groups. This is a striking con- 
trast to the inelastic scattering of protons 
from the neighbouring even-even nucleus 
Ne?®.. Ne?? as well as C!? and Mg”! have been 
studied elaborately in the wide range of in- 
cident energy and by a small step of energy 
changes by the INS-Tokyo group.™.7>,15,16 
Very interesting characteristics became clear 
about these nuclei, one of which is described 
as follows: The energy region studied (7~ 
16 MeV) could be divided into two parts, in 
one of which the patterns of angular distribu- 
tions of both elastic and inelastic scattering 
strongly change with incident energy, and in 
the other part higher than the former the 
pattern is stabilized except some fluctuations. 
The boundary of these two parts is fairly 
distinct in all cases studied and it locates at 
about 12 MeV of the incident energy. On the 
contrary, in the case of F'® now studied, 
there is little energy-dependence even in the 
range 6.5~7.5 MeV. 

This fact seems to suggest that it is rea- 
sonable to consider as follows: The excita- 
tion energies in the compound nucleus formed 
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by F°+p are between 20 MeV and 19 MeV in 
the present experiment, while the excitation 
of the compound nucleus of Ne®°+ p is only 
about 10MeV at the incident energy of 7.5 
MeV (cf. Table I). In the case of Ne’, the 
pattern is stabilized with energy beyond the 
boundary energy of 12MeV as mentioned 
_above, at which the excitation of the com- 
pound nucleus is about 14MeV. Thus the 
boundary may not be intrinsic primarily for 
the incident energy, but it depends on the 
height of the excitation of the compound 
state. 

It can be concluded in both cases of F!® 
and Ne” that at the excitation energy of 
more than about fourteen MeV in the com- 
pound state, relatively sufficient number of 
overlapping levels may be concerned with 
the reaction so that the angular distribution 
contributed from the compound process 
approaches 90° symmetric or isotropic distri- 
bution. Any marked deviation from these 
‘simplicities could be primarily considered as 
the contribution of the direct interactions, if 
such a pattern is independent of energy. 

The angular distributions of protons from 
the sixth excited level at 2.78MeV of F'® 
suggest strongly the existence of the direct 
interactions in their shapes. The same figure 
was obtained at the incident energy of 9.5 MeV 
by Gibson ef al.2” However, since the spin- 
parity of the ground state is 1/2+ and that 
of the sixth level is assigned probably to be 
7/2 or 9/2%, it is impossible to locate the 
peak in such a forward angle with reasonable 
value of the nuclear radius by the simple 
direct interaction theories'®), whichever even 
or odd parity the level has. 

On the other hand, the inelastic group 
leaving the residual nuclei at the excitation 
of about 1.5 MeV is considered to consist of 
protons from three levels, 1.35, 1.46 and 1.56 
MeV, of which spins and parities are (3/2)-, 
(3/2)- and 3/2+ respectively.*4?) The allowed 
momentum transfers to these residual nuclei 
are 1, 1 and 2 respectively according to the 
selection rules of the usual direct processes”. 
The direct interaction model of the single 
particle excitation developed by Butler?” was 
used to fit the experimental values. In Fig. 
24 the dashed curves show, in arbitrary unit, 
the square of the spherical Bessel functions, 
j(Qr) and j2*(Qr), corresponding to the mo- 
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mentum transfers 1 and 2 respectively, where 
Q=\|k;r—kil, ky and ki are the wave vectors 
of the scattered and incident protons respec- 
tively and rv is the nuclear radius. The solid 
curve shows the resultant value of these 
spherical Bessel functions with an arbitrary 
mixing ratio. The nuclear radius 7 was 
chosen to be 3.84 10-!%cm. Though the fit 


Q=-1.35,-1.46,- 1.56 MeV 
Ep=6.7! MeV 
t= 3.84x10% cm 
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Fig. 24. A theoretical fit with the observed angular 
distribution of p3’+p.'+p;’ of the F1%(p, p’)F19* 
reactions. 


seems to show some agreement between the 
experiment and the theory, no decisive con- 
clusion could be drawn owing to the arbitrari- 
ness in mixing the rate of contributions from 
these three levels. It must be also pointed 
out that this inelastic scattering group shows 
markedly different shape in the angular dis- 
tribution at 9.5 MeV observed by Gibson et 
al."”), contrary to the case of the sixth level. 
The possibility of relatively large contribu- 
tions from the compound process may not be 
excluded in the present stage until we can 
confirm whether that is an anomaly only at 
9.5 MeV or not. 


It should be necessary for profound analyses 
to use the direct interaction theories based 
upon the distorted Born approximation as 
developed by Levinson and Banerjee*®), Glen- 
denning*”, Rost and Austern‘) and others. 
They seem to be one of the most promising 
approach because of their success!” even in the 
cases where simple direct theories have failed. 
These calculations have not been tried for 
the present result. 
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Phosphorus: 

In the case of P*!, the patterns of angular 
distributions for p:’ and 2’ do not change re- 
markably with energy, except the strong a- 
nomaly at 7.1 MeV for fi’. Though the shapes 
of angular distributions of the f:’- and py’- 
groups are different from each other, the 
ratio of the total cross sections of the p.’- 
group to that of p,’-group is almost unity, 
i.e. 1.1~1.3 in the energy range studied, 
including the anomaly. 

The excitation of the compound nucleus is 
above 15 MeV in the studied range. On the 
other hand, the excitation of the compound 
nucleus formed by the neighbouring nucleus 
S*?+ p is about 14 MeV with the incident energy 
11 MeV (cf. Table I), above which the shape 
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of the angular distributions no more changes 
violently with energy as reported by the INS 
group.” Thus the similar discussion about 
the relation between the energy-dependence 
of the angular distributions and the compound 
excitation stated in the case of F'® and Ne2° 
may be applicable to the target nuclei of 
A~30. 

If we assume that the reaction may proceed 
through a direct process such as the theory 
treated by Glendenning, the predicted angular 
distributions of ~.’ and p2’ may be of similar 
shape to each other, according to the examples 
shown in Figs. 5 and 6 in the reference 40. 
Because, in both cases the momentum trans- 
fer must be of the same value, 2, and the 
wave functions of the scattered protons cor- 


Table I. 
Ce Ez MeV | EE, MeV QpnMeV | o total/level mb | Literature 
Be? | 6.59 | <12 —1.85 120 at about 6 MeV 5), 49) 
Bu 15.95 Ses: 2.76 50» 70 present 
ce ig] 13 zis ts 400 9 ll » 15) 
Nu 7.29 | (17) 5.92 250» 8 7 | 7b) 
Os 0.60 >15 | 30&120 » 13 7 14) 
F19 128i <19 —4.02 | 13 & 45 y 10% present 
Neo 2.45 13 | 250» ll» 7b), 16) 
Mg?24 Dade d lim tient eiaiee 20 7 8 7 7b), 16) 
tie fil B12) etl 19y eerlet 9558 35.8 © 65 70 present 
Sizs 2.72 S16 4. 14.59 || 240. 8 1 7b) 
pat Buebian tt! <15 e602) sa 60.» 70 present 
Sez | 2.29 | 14 | 13.95 120.» 8 9 7a), 7b) 
URED PORE reae 13 ~2.29 B0ky ins hanel Se 7b) 


Binding energy of a proton of the compound nucleus, obtained from the reference 28). 


E,;: Excitation of the compound nucleus where the pattern of the angular distribution changes its 


energy-dependent character. 


Qp,n: 


responding to the first and the second residual 
excitations may take some similar values. 

Thus, at the present stage, it seems to be 
natural to consider that the contribution of 
the compound nuclear process is prominent 
in the energy range studied for the inelastic 
scatterings from P*!. It should also be noticed 
that the nearly 90° symmetric patterns can 
be seen frequently in the angular distribu- 
tions of pi’ and f2’ as shown in Figs. 21 and 
OZ. 

The very distinct irregularity at 7.1 MeV 
in pi’ may be caused by the anomaly in the 


See text for more complete explanations. 
The Q-values of the (p, m) reaction, obtained from the reference 28). 


compound nucleus at that excitation. But no 
such irregular behavior can be observed in the 
excitation function and both in f2” and in the 
elastic scattering of P*!.* 

It should be emphasized that the results 
show little energy-dependence in the angular 
distributions of both elastic and _ inelastic 
scatterings, the total cross sections and in 
the ratio of the cross sections of fs’ and pi’. 
Boron: 

Total cross section calculated graphically is 
almost independent of incident energy, as 
shown in Fig. 8. Although present data are 
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not sufficient for examining the detailed 
excitation function, yet it seems that there is 
no appreciable resonance phenomena near the 
known levels of the compound nucleus C’’. 
On the contrary, the relatively marked energy- 
dependence of the angular distributions is 
observed in this energy range. © 

The excitation of the compound nucleus is 
fairly high even in the incident energy of 7 
MeV, but the number of levels concerning the 
reaction should be relatively small because of 
the light weight of the nucleus and of the 
structure of the compound nucleus, C* 
(doubly closed subshells). Therefore, the 
effect of the intereference between the com- 
pound levels of different parities should 
appear in the angular distributions. The 
change of the pattern with proton energy is 
primarily understood in this case as the sug- 
gestion of the compound process associated 
with the strong interference effect. 

It should be worthwhile to point out that 
the irregular behaviours of the patterns of 
angular distributions with energy in the 
C2(p, p’)C2* scattering were recently success- 
fully understood on the basis of the direct 
interactions by Okai and Tamura‘), who 
developed the so-called channel coupling 
theory**. Thus the violent energy-dependence 
of the pattern alone could not be the reliable 
evidence of the interference phenomena. In 
that model both elastic and inelastic scatter- 
ings relate to each other so closely that it 
would be expected that the _ irregularity 
appears at the same time on the patterns of 
both scatterings as in the case of C'2. How- 
ever, the patterns of the elastic scattering 
from B" are less energy-dependent than that 
of inelastic scattering in the present energy 
regions as mentioned elsewhere?”. It would 
not conflict with this theory to conclude the 
existence of interference effects in the pre- 
sent B!!(p, p’)B''* reactions. 

It is interesting to compare the present re- 
sults with that obtained by Ajzenberg-Selove 
et al.» about the B'(p, )C" reaction at E>» 
=7.0 MeV. In the latter, which is the mirror 
reaction of B'!(p, p’)B'"'* reaction, the obtained 
differential cross sections to the first level of 
C" at the angle of 20° seem to suggest the 
magnitude of 1~4 mb/sterad, while that of the 
(p, p’) scattering at the angle of 23° is very 
close to the value of the (p,) cross section, 
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namely about 3mb/sterad at Ey»=7.2 and 6.8 
MeV. Further detailed investigations of the 
(p,n) reactions are desired for the compari- 
son with the (jp, p’) reactions. 


Aluminum: 

The angular distributions of the four groups 
of inelastically scattered protons, ~p1’+p2’, ps’, 
pi’ and p;’+p.” are energy-dependent. 
Amoung them the patterns of p:’+f2’ and pu.’ 
show relatively smooth variation with energy 
whereas those of p;’ and p;’+p.6’ change vio- 
lently in their shapes. The excitation of the 
compound nucleus formed by Al?? with a pro- 
ton is above 18 MeV in the present study, which 
is considerably higher than the case of P* 
above mentioned. Nevertheless the patterns 
are more energy-dependent than that of 
Pt, This discrepancy may be solved by 
the following consideration. The compound 
nucleus of Al2’?+p is Si? in which the sub-shells 


are just closed in both protons and neutrons | 


so that the less dense level density should 
be supposed compared with the neighbouring 
nuclei. Thus the possibility remains that the 
interference between the relatively small 
number of excited levels in the compound 
nucleus affects the angular distribution con- 
siderably. 

It is pointed out also that the energy losses. 
in the target is about 40 KeV so that rela- 
tively less average of the differental cross 
sections over the incident energy was made 
compared with the case of P®! in which the 
energy losses are about 80 KeV. 


In this case, as well as in the case of B", | 


the elastic scattering at the same energy 
show little energy dependence®”. It seems 
there is no obstacle in concluding that the 
reaction proceeds mainly through the com- 
pound process. 


However, it is pointed out that the total | 
cross sections of each inelastic scattering, pi’, | 
p:’ and p,’ are all about 35 mb, assuming the | 


equal contributions from p:’ and p2’. Only 
the total cross section of the third excited 


state takes relatively large value of about 
65 mb in the energy range studied. This fact. 
might have some relations to the structure | 


Shira i, 


According to the Nilsson model,**.4® the | 


third level (probably 7/2+ not 3/2+ as listed 


for a long time)*?.5) is the second member of 
the ground state band, K=5/2+ (K is the 
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component of the angular momentum to the 
axis of the deformation), and the first, second 
and fourth levels are the member of the first 
excited state K=1/2+. The cross sections of 
the inelastically scattered protons leaving the 
residual nuclei in these three excited states 
are nearly equal and the energy dependence 
of the angular distributions are relatively 
smooth compared with that of the third 
excited state. 

This third level of Al?’ should have equi- 
valent characters with the third level of Mg’ 
on the basis of the Nilsson model. Mg*> and 
Al?’ belong to the same group of the nuclei 
with the odd particle number 13. It was re- 
ported recently*” that the reduced quadrupole 
transition probability B(E2) of the third level 
of Mg** is very large compared with that of 
the lower two excited states. This also may 
have some relation to the relatively large 
cross section of the third level of Al?’ com- 
pared with the neighbouring levels in the 
present experiment. 

These facts seem to support the direct 
process. Thus, further exact data, especially 
the correct amounts of contribution to the 
cross section from p:’ and p2’ respectively, 
are necessary to confirm the reaction mecha- 
nism. 

The energy dependence of the total cross 
sections of all inelastically scattered proton 
groups is relatively little, except one case of 
ps'+pe’ at the incident energy of 6.95 MeV. 


Generalization: 

(a) The height of the excitation of the 
compound nucleus and the energy dependence 
of the pattern of the angular distribution 
seem to have close relation to each other, as 
discussed over again in this section. To 
confirm yet this fact, the results obtained by 
many authors for the various target nuclei are 
summarised in Table I together with the pre- 
sent data from this point of view. £, in the 
table denotes the excitation energy of the 
compound nucleus formed by the target 
nucleus listed in the first column plus a zero 
energy proton, namely the binding energy 
of a proton in the compound nucleus. £¢ is 
the compound excitation beyond which the 
pattern of the angular distribution becomes 
relatively energy-independent. At energies 
less than Ey the pattern shows experimental- 
ly the obvious energy dependence. Some 
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values of Ee are calculated from the incident 
energy which confirmed in the original paper 
as the boundary energy in the sense above 
mentioned. Some values with the notation 
< mean that above the energy cited the 
pattern is relatively stabilized with energy 
and the lower limit of this is not yet confirmed 
experimentally. The notation > means that 
up to the cited energy the experimental re- 
sult still shows energy dependent pattern 
and the upper limit of LE. would be higher 
than the value cited. The values with pa- 
rentheses are somewhat uncertain. 

It can be seen readily that the many values 
of E- are distributed around 13 MeV~14 MeV, 
whichever the target is even or odd in mass 
number, and are independent of E,. Some 
exceptions are B!!, Q'*, Al?’ and Si%*, which 
are the nuclei near the doubly closed shells 
or closed subshells. 

The meaning of these values of Ee seems 
to be clarified in the relation with the level 
densities at that excitation of the compound 
system. However, the level densities of the 
individual light nuclei at such excitation are 
not known precisely. Generally speaking, 
level densities of these light nuclei at the 
excitation of about 13 MeV could not be con- 
sidered to be sufficient for the thorough can- 
cellation of the interference effect of the 
compound levels according to the theory of 
Hauser and Feshback?». Using some theore- 
tical formula, for example deduced by New- 
ton*®), the level densities are calculated for 
some of these nuclei. They give at most 40- 
100 levels per MeV without (2/+1) factor. 

(b) In the fifth column of the Table I, the 
total cross sections of the inelastically scat- 
tered protons from one level of the residual 
nucleus are listed with the incident energy. 
These values only show their magnitude so 
that one must refer the original reports for 
the exact value. 

It is apparent that the total cross sections 
of the even-even nuclei are considerably 
larger than that of the odd-A nuclei. This 
can be understood by the following reasons: 
In the latter the threshold of the competing 
(p, m) reaction is always low compared with 
that of the even-even nuclei as listed in the 
fourth column in the table. Therefore the 
considerable part of the reaction can proceed 
in the (p,) channel in the case of the odd-A 
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nuclei, whereas these channels are closed up 
to the higher excitation for the even-even 
nuclei. (The same situation occurs even 
among the even-A nuclei as already pointed 
out by Oda et al.™) Furthermore, the odd-A 
nuclei have relatively many levels which 
could be excited by inelastically scattered 
protons than the even-even nuclei so that the 
cross section per channel decreases still more. 
These facts show that in the inelastic scat- 
tering of protons from odd-A nuclei, the 
compound process is the leading reaction 
mechanism at the proton energy of 6~7 MeV. 


§5. Conclusion 


In the case of B!! and P#!, the reaction 
mechanism seems to be mainly the compound 
process. 

In the case of F"®, the angular distributions 
suggest the existence of the direct process 
in addition to the compound process. But 
simple direct interaction theories cannot fit 
the data. The relative amounts of the both 
processes are not clear. 

In the case of Al?’, there is no conflict in 
concluding that the reaction proceeds mainly 
through the compound process, but some fact 
which needs further experimental check seems 
to suggest the relation between the nuclear 
structure of Al’? in the Nilsson model and 
the (p, p’) scattering. Thus further experi- 
ments are necessary to confirm the reaction 
mechanism. 

The energy dependence of the pattern of 
angular distributions not primarily depends 
on the incident proton energy but on the 
height of the excitation of the compound 
nucleus. 

In the most light nuclei A<40, whichever, 
even or odd in mass number, the pattern of 
angular distributions changes little in the 
shape except some fluctuations above the 
incident energy leading the compound excita- 
tion to about roughly 13MeV. Some excep- 
tions are the nuclei near the doubly closed 
shells or closed subshells. 

Above this energy in the compound system, 
the interference between the levels of different 
parities concerning the reaction seems to affect 
little to the energy dependence of the pattern 
of angular distributions. 

Observed total cross sections per level of 
odd-A nuclei are considerably smaller than 
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that of the even-even nuclei. This depends 
largely on the low Q-values of the (p, n) 
reactions of these nuclei. This suggest that 
the compound process would be the leading 
mechanism in these odd-A nuclei. 

The energy dependence of the total cross 
sections is relatively little throughout the 
present data. 
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(d, x) Reactions on O, N“ and C” by 14.7 MeV Deuterons 
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Angular distributions of a particles resulting from O14(d,.a )N'4 (ground 
state), Ni4(d, a)C! (ground state), N'4(d,ai)C¥ (first excited state), 
C12(d, ao)B (ground state) and C12(d, a,)B' (first excited state) reactions 
were studied. a particles from the O1%(d, ao)N'4, C12(d, ao)B'° and C2(d, 
a,)B reactions exhibited forward peaks and backward peaks simultane- 
ously, while a particles from N14(d, ao)C!2 reaction showed forward peaks 


and oscillatory behavior. 


a particles leaving N'4 and C! nuclei in their T=1 state were also 
observed in the forward angle, and the isotopic spin conservation rule 


seemed to be violated. 


The reaction mechanism is then discussed on the basis of the surface 
direct reaction, the compound nucleus formation and a particle clustering 
in the target nucleus. It is concluded that a clustering may play an 


important role in the (d, a) reaction. 


§1. Introduction 


The (d, «) reaction is one of the well-known 
nuclear reactions. At the early stage of the 
research on this reaction, the levels of re- 
sidual nuclei were studied only by the meas- 
urements of the energy spectra of a particles, 
since the accurate experimental determination 
of a particle energy was easier than that of 
y ray energy. Further, these studies were 
concerned mostly with light nuclei and some 
of intermediate heavy ones up to Ca‘?, 

But, experimental and theoretical studies 
have recently been developed, having been 
stimulated by some successful aspects of the 
theories on deuteron stripping reactions, which 
might disclose the mechanism of (d,a) re- 
actions. Many experimental results have so 
far been published by some workers. Espe- 
cially, Freemantle”, Fischer, Dalton, 
Browne® and Hu® studied on O'%(d, a)N' re- 
action for various deuteron energies, Gibson”, 
Fischer? and Hu® on N!4(a,a@)C! reaction, 
and El Bedewi®) and Green” pursued experi- 
ments on C!2(d, a@)B!° reaction. 

Up to now, most experiments on (d, a) re- 
actions are discussed with an idea of the 
surface direct reaction; Hu® discussed his 
experimental results comparing with Butler’s 
deuteron stripping theory’ as well as with 
El Nadi’s!. and Newns’!”) two particles stripp- 
ing theories, while Fischer?) discussed his 
results on the basis of the pick-up theory’ 
and so on. 


When a nucleus is bombarded by inter- 
mediate energy deuterons, many types of re- 
actions such as (d, p), (d,m), (d,t), (d,a@) cam 
occur, and the characteristic behavior of the: 
deuteron-induced reactions comes from the 
fact that a deuteron breaks up easily. This. 
fact promoted the deuteron stripping theory.. 
This idea, however, seems to be contradictory 
to an idea that a deuteron would pick up one 
or two nucleons at the nuclear surface, by 
which experimental results of some of (d, ft) 
reactions can be explained satisfactorily. 

On the other hand, since deuteron and a: 
particle are both isotopic spin 0 particles,. 
the (d, a) reaction can afford an experimental. 
evidence for the conservation of isotopic spin. 
quantum number’), Experiments so far done: 
in this respect were on O!*, Ne?®, Mg?4, Si?, 
and S* bombarded by deuterons with energy 
less than 10MeV". The results obtained 
showed that the isotopic spin is not always. 
the good quantum number and the mixing of 
levels with different isotopic spins may occur 
by the Coulomb interaction. This fact means. 
that in the (d,a) reaction at intermediate 
energy, the compound nucleus effects cannot. 
be ignored. 

In the recent experiment on (d, a) reactions. 
of heavy nuclei, reported by Mead and 
Cohen, high energy parts in the spectrum. 
of the emitted a particles increased with mass. 
number. They pointed out that the phenome- 
non could not be explained by the simple: 


2118 


1961) 


jick-up process. 

Reflecting on the history of studies on the 
(d,a@) reactions, the present work has been 
carried out with the purpose to clarify some 
ambiguities concerned with the very interest- 
ing and important problems of the reaction 
‘mechanism and isotopic spin conservation. 


‘§2. Experimental Procedure 


2-1 Layout of the apparatus 

The deuteron beam from the Kyoto Univer- 
‘sity 105cm Cyclotron was focused by a pair 
of the quadrupole magnet and collimated by 
‘two tantalum plates with 2mm diameter holes 
‘and 36.0cm apart. The collimated beam was 
then brought to the scattering chamber of 52 
cm in diameter. Details of this apparatus 
will be published elsewhere. A beam spot at 
the target was nearly 3mm in diameter. The 
a particle detector was mounted on the peri- 
phery of the rotating disc, and maximum 
cangle between the direction of the beam and 
the axis of detector is 165°. Angular distri- 
‘bution measurements were made from 20° to 
160° by 10° steps. The angular position of 
the detector was read with an accuracy less 
than 0.05° and target setting was accurate 
‘within 0.001mm with respect to the rotating 
axis of the disc, and the inclination of the 
target foil was accurate within the limit of 
0).2°. 

The beam after passing through the target 
-was caught by the Faraday cup and the beam 
‘current was measured by a 100% feedback 
type current integrator. Most experiments 
‘were pursued by about 0.1 vA beam intensity, 
‘but the smaller beam intensity was needed 
‘to diminish unnecessary backgrounds when 
-forward-angular distribution was detected. 

The scattering chamber was equipped with 
‘four holes at the side wall of the chamber, 
-and monitoring of the beam and target was 
possible at angle 35°, 90° and 135° to the 
‘beam direction respectively. In the present 
experiments, a thin CsI crystal (about 0.7 mm 
thick) coupled with a photomultiplier (usually 
5819 or 6342) was used as a monitor countor. 

The deuteron energy was determined by 
‘measuring the range of the deuteron in alu- 
‘minum and by using the range-energy rela- 
tion given by Bichsel'®, The estimated value 
of the beam energy was 14.7 MeV, but small 
differences ranging from 14.7MeV to 14.8 
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MeV were experienced. The detailed descrip- 
tion of this method will be given elsewhere. 

Overall characteristics of the system were 
tested by observing the elastic scattering of 
deuterons from gold, and the result is shown 
in Fig. 1. The experimental values obtained 
agreed very well with those estimated by the 
pure Rutherford scattering formula. 


Elastic sattering of 


deuterons from Au 


(do/dQ) ton. (barn /strd) 


| Rutherford 
' formula 


0.03 


120° 
Laboratory system angle 


150° 


Fig. 1. Elastic scattering of deuterons from gold. 
Ea=14.8 MeV. Solid line; Rutherford scatter- 
ing formula. Dotted line; experimental value. 


The target preparation and detection 
method 

The experimental procedure of the O'*(d, 
a)N** reaction is divided into four stages. In 
the first stage, a mylar (CsH.O:) film was 
used as an O' target, and a particles were 
detected by a thin CsI(T1) crystal. The target 
thickness was about 0.8mg/cm’. Its non- 
uniformity was less than 4%. The thickness 
of the CsI crystal was chosen to be 0.16mm 
by the condition that energetic deuterons or 
protons could easily pass through it while the 
a particles stopped in it. A suitable aluminum 
absorber was placed in front of the crystal 
in the forward angle detection. This system 
failed to detect a particles emitted in the 
backward angle. In the second stage, a mylar 
film was also used as an O* target, and a 
particles passing through the small proportion- 
al counter were detected by the CsI(T1) crys- 
tal. The proportional counter in the detection 
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system gave pulses proportional to the energy 
loss of a particle in the counter, and the CsI 
crystal gave information about the total energy 
of that particle. By the coincidence count- 
ings of both pulses, effects of other particles 
than alphas could be eliminated. The geo- 
metrical arrangement of the detector system 
is shown in Fig. 2 and its block diagram is 
also given in Fig. 3. The pulse-height spectra 
by this coincidence method is shown in Fig. 
4. In the third stage, natural oxygen gas 


fe) Sem 
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aE 
San mt 
Torget Slit Proportional counter Photomultiplier|| | 


| 
| 
| 


Cs! (TI) 


Rotating disc 


Scattering chamber wall vi 


Fig. 2. Schematic view of counter telescope. 
Proportional counter works as 4H counter and 
crystal counter works as # counter. 


“E COUNTER” 


ST 
SCINTILLATION 
COUNTER 


SHIELDING WALL 


“AE COUNTER” 
PROPORTIONAL 
COUNTER 


“MONITOR” 


Fig. 3. Electronic diagram of counter telescope 
system for alpha detection. C.F. means cathode 
follower. 


was used as an O' target and particles emit- 
ted from O'® were detected by the method 
similar to that mentioned above. The gas 
target was a cylindrical chamber with a 
narrow window covered by a mylar foil of 
35 mil thickness. The gas pressure of the 
chamber was about 400 mmHg. In the fourth 
stage, a mylar film was again used as a 
target, and particles were detected only bya 
single proportional counter of which construc- 
tion will be explained in the following section 
for the C!2(d, a)B'® reaction. 
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The N'4(d, aC? experiment is divided into 
two stages. In the first stage, melamine 
varnish* was used as an N*" target, and 
alphas were detected by the CsI(T1) crystal. 
Melamine varnish is essentially melamine- 
formaldehyde and condenses to a solid film. 
when kept at 120° for 20 minutes or so. The 
film was made by pouring this melamine: 
varnish on a flat glass and then heating in 
the oven. But stripping off of this film from. 
a glass plate was so difficult that a thinner 
film with thickness less than 66 micron was. 
not produced. Since this film had various 


o'®(d,a) N'* 


Q.ab.= 60° 


@ 
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s 100 Eo 
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Channel number y 
Fig. 4. Coincidence gated spectrum of alpha 


particles from O'(d, a)N!4 reaction. 
Mylar. Hg=14.7 MeV. 


Target is 


chemical compositions according to the con- 
dition of condensation polymerization, it was. 
unsuitable for absolute determination of the 
reaction cross section. The CsI(Tl) crystal 
used was of 0.3mm thick in the case of the 
forward angle experiment, and of 0.16mm. 
thick in the backward angle experiment. An 
aluminum absorber was also used in the latter 
case. 

In the second stage, the natural nitrogen. 
gas was used as an N' target, and a particles. 
were counted by the counter telescope system. 
similar to that used in the O experiment. 


* We are indebted to the Kansai Paint Co. for 
the supply of this sample. 
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The pulse height spectra are shown in Fig. 
5. The effective solid angle subtended by 
the gas target at the counter system was 
calculated by the formula proposed by John- 
ston and Swenson!”, 

In the C1*(d, a)B*° experiment, a polystyrene 
film of 0.2 mg/cm? thickness was used as a 
C” target, non-uniformity of which was less 
than 5%. The films were made by the usual 
method, i.e. by pouring the dilute solution of 
polystyrene in benzene onto a deck glass and 
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a particle detector used was a single pro- 
portional counter. This was mounted in the 
scattering chamber, connected to the outside 
manometer and gas storage vessel by a capil- 
lary tube. By this device the pressure of the 
proportional counter gas was controlled easily 
according to the kinematics of the reaction 
so as to make the a particle range in counter 
to be nearly the geometrical depth of the 
counter. The construction of the proportional 
counter is shown in Fig. 6, and the pulse- 


stripping it off from the glassin water. The height spectra obtained by this counter are 
A B 
N'4( da) Cie 
300 Gicap =90° 30 OLob 390° 
' =! coincidence gated 
Single Cs! counter ‘\ 
™200'> 20 
ao 
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<= 
\o) 
P= 
“ Qo 
“” e e 
ce 
=. 
8 
look ; 
Vee 
eran ! 
Soot oS A \ 
Ww NS < / \ e] \ 
(6) i tas SE |S a Nea ee ah are as 6 ee Ne oo ‘° eee 
10 20 10 20 


Channel number 


Channel number 


Fig. 5. Pulse-height spectrum of alpha particles from N4(d, a)C! reaction. 


A: simple spectrum of # counter. 


B: coincidence gated spectrum of H counter. Angle of detection is the same as in A. 


Target used is natural nitrogen gas. 


gas intet 
(Ar+C025%) 


field tube 


window 
and slit >_LhY 


teflon 


Fig. 6. View of the proportional counter used in 
C12(d, a)B! reaction. Counter gas is Ar+CO, 
(5%). Gas pressure is variable from outside the 
scattering chamber. 
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Se ee 
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Fig. 7. Pulse-height spectrum of alpha particles 
from C12(q, a)B'° reaction. @a»=30°. 
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given in Figs. 7 and 8. 


§3. Results and Discussion 
3-1. General 
Errors in these experiments come from the 
following various causes: 
1) Irregularity in the target thickness; 
2) The leakage of the beam integrator and 


c%(d,a) B? 


 \0p2 40° 


Counts / Channel 


20 


30 40 
Channel number 


Fig. 8. Pulse-height spectrum of alpha particles 
from C!2(d, ~)B'!° reaction at @a,n=40°. Alpha 
particles leaving B!° in J’=1 level (a2) is ob- 
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time resolution of the total charge counting; 
3) The angle resolution of counting system; 
4) The divergence of the beam spot and 
beam energy; 

5) The energy loss of the deuteron beam in 
target materials; 

6) The energy loss of emitted particles in 
target material and window foils of the 
detector ; 

7) The finite energy resolution of the de- 
tector system; 

8) The background subtraction and the spec- 
trum analysis; . 

9) The statistical fluctuation of the radiation 
counting; 

10) The linearity fluctuation of the electronic 
circuits. 

These errors vary from one experiment to 
another, and some of them were difficult to 
be estimated. But most of them are of the 
order of a few percent, and the overall error 
comes essentially from the background sub- 


ee a2 was observed from @1a»=40° to a» traction, counting statistics, and fluctuation 
Fete of the ratio of the monitor counting to the 
6 
Table I. Coefficients of Legendre polynomial expansion. W/(6)= >) a;Pi(cos 8). 
i=0 
Reaction | Qo | ay as a3 | a4 | as ae 
O16(d, ao)N14 0.774 —0.028 1.044 —0.150 | —0.089 —0.130 —0.253 
Nid, ao)C2 0.235 —0.200 0.210 0.195 | 0/374 i 0219 Foe woes 
Nd, a)C | 0.720 0.246 0.428 0.093 | 0.220 | —0.095 | 0.084 
CH%(d, ao)B° | 2.780 0.770 2.236 —0.586 | —0.692 —1.489 | —0.133 
C2(d, a1)B | 3.261 —0.155 2.295 0.669 | 0.012 —3.363 | 1.873 
total beam current integration. After all, mentum transfer can be defined by three 


the relative value of the angular distribution 
contains an error less than 10%, and the 
absolute cross section is accurate within 20%. 

The error bars shown in the figures are 
calculated ones due to background subtraction 
errors plus counting statistics errors only. 
The results obtained are grouped into three 
categories. First, the angular distributions 
are expanded by the Legendre polynomials 
up to the sixth order by the method of least 
squares. Coefficients of these expansions are 
shown in Table I. The comparison of these 
polynomial expansions with experimental re- 
sults are shown in Figs. 9, 10, 11, 12 and 13. 

Second, differential cross sections are repre- 
sented as a function of momentum transfer 
to the nucleus. Here, the quantity of mo- 


ways as follows: 


Qoorou=| ( A )ko- (75>) ka | (1) 


ates =| (47) ke ke| (2) 


Zi 
Qheavy particle stripping = Ka+ Bre 


(3) 


where A is the mass of the target nucleus, B 
the mass of the residual nucleus, ka the wave 
number vector of a deuteron in the center 
of mass frame, and ka the wave number 
vector of an a particle in the center of mass 
frame. 

Results are shown in Figs. 14, 15 and 16. 
Here, abscissae show momentum transfer in 
the case of the knock-out process. Dotted 
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lines are the smoothed curves for experimental suitable juQkR) functions. Here 7,(X) is a 
values. spherical Bessel function of order /, and / is 

Finally, the smoothed curves for experi- the angular momentum change in the reac- 
mental values are trially represented by the tion. 

When the direct reaction is assumed, the 
Z ’ value of J is determined by the spin and 
Onda) N parity conservation principle. Allowed / 

Bay values for each reaction are listed in Table II. 


Ed= 14.7.MeV 


N'4(d,a,) C!? 
4.43MeV excited state 


Ed=14.7 MeV 


(mb/sterad) 


(mb/sterad) 
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Cross section 
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Fig. 9. Angular distribution of alpha particles 
from O'(d,a)N'* reaction leaving N in its Fig. 11. Angular distribution of alpha particles 


ground state. Solid line is the Legendre poly- from N14(d, a)C!? reaction leaving C!? in its first 
nomial fit. excited state. Solid line is the Legendre poly- 
nomial fit. 
1.0 = 
N'%(d.a)C? 


ground state cd, ao) B® 


Ed=14.7 MeV ground state 


Ed=14.7MeV 


oO 
a 


Cross section (mb/sterad) 
Cross section (mb/sterad) 
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C.M. angle 


Fig. 12. Angular distribution of alpha particles 
from C12(d, a)B! reaction leaving B' in its 


Fig. 10. Angular distribution of alpha particles 
Solid line is the Legendre poly- 


from N‘4(d, a)C!2 reaction leaving C!? in it ground ground state. 
state. Solid line is the Legendre polynomial fit. nomial fit. 
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3-2. Characteristics in each reaction 
3-2-1... The O'%(d, a)N** reaction 

As shown in Fig. 9 and in Table I, the 
Legendre polynomial fit is rather poor, but 
crudely speaking, Po and P2 are dominant 
compared with other terms. This fact sug- 


c(d,a,) fepid 
0,72 MeV excited state 


Ed=14.7 MeV 


(mb/sterad) 


Cross. section 


30° = 60° 90° =: 120° 150° 
C.M. angle 
Fig. 13. Angular distribution of alpha particles 
from C!2(d, ~)B!° reaction leaving B!° in its first 
excited state. Solid line is the Legendre poly- 
nomial fit. 


o'%(d,a) N‘* 


(mb/sterad) 


Cross section 


05 1.0 15 2.0 x10! cm! 
Momentum transfer, _ (knock-out) 


Fig. 14. Differential cross sections as a function 
of momentum transfer. Reaction; O14(d, ao) N14 
(ground state). Momentum transfer is calcu- 
lated as knock-out process. 


gests that the a emission leaving N* nucleus 
in its ground state is caused mainly by s- 
wave and p-wave deuterons. If the nuclear 


12 


N'4(d,a)C 


(mb/sterad) ' 


Cross section 


1,0 \S 2.0x10"%cm"! 
Momentum transfer (knock-out) 


Fig. 15. Differential cross sections as a function 


of momentum transfer. Reaction; N'4(d, a)C}2. 
Upper curve refers to a; leaving C’? in its first 
excited state, while lower curve refers to ap, 
leaving C!2 in its ground state. Momentum 
transfer is calculated as knock-out process. 


(mb/sterad) 


Cross section 


05 Ke) 15x 10cm! 
Momentum transfer ¢knock-out ) 


\ 


Fig. 16. Differential cross sections as a function 


of momentum transfer in C'2(d, a)B reaction. 
Dotted line is a smoothed curve of experimental 
results referring to alpha particles leaving Bie 
in its ground state. Dot and solid line refers 
to a1, leaving B!° in its first excited state. 
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radius is assumed to be (1.7+1.22 A/8) x 10-13 
cm, and the deuteron radius is taken to 
be 2.18x10-'%cm, the maximum angular 
momentum kaR is of the order of 7 when the 


Table II. 
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14.7 MeV deuteron hits the O"' nucleus. Here, 
ka is the wave number of incident deuteron 
and F is the interaction radius. The O'(d, 
a)N' reaction here considered, therefore, may 


Spin and parity selection rule. 


Initial nucleus | Final nucleus 


Al 


Reaction wail’ ane Sweh _. j _ Al Al 
| Je. T. | ye. 7. Heo Bheicy Spin change Parity change Allowed 
O16(d, ao)N14 | len 0) ground Feels 2 ] ad even | 0, 72 pi 
(d, a) 0+, 0 | 0+, 1 2.31 MeV i | even forbidden 
(d, a2) 1+,0 | 3.95MeV ee ee even 0, 2 
Nu(d, ao)C2 Onto) lecround by dgigwe | iosieyennlase Sa? Of 2 
(d, a1) 1+, 0 2+,0 | 443MeV | 0, 1, 2, 3, 4/| even | 0, 2, '4 
(d, a) 0+, 0 7.66MeV | Oa a | even 0, 2 
C#(d, ao)B 3+,0 | feround 1, 2,,3,.4 even ee 
(d, a1) 1+,0  0.72MeV Dior ay even 0,2 
(d, a2) 0+, 0 Ot,1 | 1.74MeV 1 even forbidden 
(d, as) 10 | 2.15 MeV Oye Wy even Os 2 
(d, a) 2+, 0 3.58 MeV i es | even | 2 


be caused rather by deuterons with small 
impact parameter than by those hitting near 
nuclear surface. As shown in Fig. 14, the 
curve for the angular distribution of a parti- 
cles versus momentum transfer has sharp 
peaks in forward (small momentum transfer) 
region as well as in backward (large momentum 
transfer) region, and its up-and-down is 
quite different from a periodic function of 
momentum transfer. It may be said that 
several modes of angular distribution are 
mixed in this reaction. From the standpoint 
of the surface direct reaction, the forward 
peak is considered as a result of the pick-up 
or knock-out process, and the backward peak 
is understood as the heavy particle stripping. 
But the backward peak is not favoured to 
the heavy particle stripping representation 
unless very large nuclear radius is assumed. 

The forward and backward peaks also ap- 
peared in the experiments with 7.03 MeV 
deuteron” and 19 MeV deuteron”. According 
to the direction of momentum in the center 
of mass system, the forward peak may be 
caused by incident deuteron, and the back- 
ward one must be due to the incident nucleus. 
But it seems very difficult to reproduce over- 
all angle distribution by the present surface 
direct reaction theory. Therefore, the 
simplest way to compare experimental result 


with j,(QR) is adopted. It is shown in Fig. 
17. The allowed /-values are 0 and 2 in this 
case, and the mixing of J=0 and 2 seemed 


0'*(d, ao) N'* 


- experiment 


12 (QR )I? 
R=4,0 xlO'°cm 
knock-out 


(mb/sterad) 


Cross section 


30° 60° 90° 120° 150° 


CM. angle 
Fig. 17. Trial representation by j2(QR) in O18, 
ao)N'4 reaction. Dotted line is a smoothed curve 
of experimental results. Solid line is |72(QR)|? 
normalized at 6c.m.=40°. Q is momentum 
transfer calculated as knock-out process. R= 
4.0 x 10-13 cm. 
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to be good, but it was difficult to find suitable 
parameters to reproduce first dip and first 
peak simultaneously by mixing jo and je. 
3-2-2. The N'4(d, a)C! reaction 

The a@ particles leaving C’® nucleus in its 
ground state and first excited state show very 
different angular distribution. As shown in 
Fig. 10 and Table I, the Legendre expansion 
does not agree with the experimental data in 
the case of a), and seven terms from Po to 
Ps each term are approximately of the same 
order of magnitude. Therefore, it may be 
concluded that the ao emission is caused 
purely by the surface direct reaction of some 
kind with the high angular momentum deu- 
teron wave passing near the surface of the N'* 
nucleus. The jo(QR) fit gives also the reason- 
able agreement in this case (Fig. 18). On 


N“dacl® 


1.0 : “*--+- experiment 
Io (QR)F 


Qs) 


Cross section (mb/sterad) 


30° 60° 90° {50° 


120° 
C,M. angle ; 


Fig. 18. Trial representation by jo(QR) in N'4(d, 
ao)C reaction. Dotted line is a smoothed curve 
of experimental results. Solid line is |79(QR)|2 
normalized at 6¢.m.=30°. @Q is momentum 
transfer calculated as pick-up process. R=4.4 
x 10-13 cm. 


the other hand, the N'4(d, a')C (first excited 
state) reaction seems to be caused by the 
different mechanism compared to the N"“(d, 
ao)C reaction. This conclusion comes from 
the facts that, in the N(d, a.)C reaction, 
the angular distribution of @ particles is fitted 
well by the Legendre polynomial expansion, 


Takuji YANABU 


(Vol. 16, 


and that lower order terms (namely Po and 
P:) are dominant among seven terms of 
polynomials. These facts indicate that, the 
N'*(d, a1)C! reaction is not of surface direct 
nature, and may be caused by the small 
angular momentum deuteron wave. This 
situation is strengthened by the fact that the 
j(QR) fit disagrees the experimental result. 
(Fig. 19). 
3-2-3. The C(d, a)B reaction 

The a particles leaving B’’ nucleus in its 
ground state and first excited state were ob- 
served over aH angles, and alphas leaving 
residual nucleus in the second, third and 


2.0 
N'4(d,a,)C'? 


-- expeiment 


jg (QR) I? 


a 


(mb/ sterad) 


Cross section’ 


30° 60° 302 


C.M. angle 


120° 150° 

Fig. 19. Trial representation by 7)(QR) in N“@, 
a,)C!® reaction. Dotted line is a smoothed curve 
of experimental results. Solid line is |7)(QR)|2 
normalized at 6co.m.=30°. @Q is momentum 
transfer calculated as pick-up process. R=4.4 
x10-13cm, equal to the value in ap distribution. 


fourth excited states were observed in for- 
ward angles. The C*2(d, ao)B! and C2(d, a1:)BY 
reactions show very similar behaviours. That | 
is, the angular distribution shows peaks and | 
dips at nearly the same momentum transfer, | 
yields of @ particles are nearly equal over all | 
angles observed, (Fig. 16), and from Table I, 
Po, P2 and P; are dominant compared with 
other terms in both cases. 

If the direct reaction process is assumed, 
allowed J-values are 2 and 4 in a emission, | 
and 0 and 2 in a: emission. Since both figures |} 
show similar nature, it may be concluded that |} 


J=2 is reasonable because this value is com- | 


mon in both cases. The trial representations | 
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by j2(QR) are shown in Figs. 20 and 21, in 
which are also shown the trial representations 
by taking the heavy particle stripping process 
into account. It was found to be difficult to 
reproduce the backward increase of the 
angular distribution by a spherical Bessel 
function with an argument Q2R2, unless an 
interaction radius was assumed to be enorm- 
ously large. 

The angular distributions of as and a; are 


| 
c'%Xd.adB° 


experiment 
—— je (Q:Ri) + 0.25 jo(QeRe)I? 
je (Q.Ri)I? 


Cross section. (mb/sterad) 
ao 


9O* 


120° 150° 

Fig. 20. Trial representation by j:(QR) in C'2(d, 
a )B reaction. Dotted line is smoothed curve 
of experimental result. Solid line is |72(Q:R:) 
+0.25 72(Q2R2)|2 normalized at 6c.m.=30°. Q1 is 
momentum transfer calculated as knock-out 
process. Q», is momentum transfer as heavy 
particle stripping. R,=6.46x10-%cm, R,=6.8 
x10-18cm. Dot and solid line is |7(Q:R,)|?, 
normalized at @c.m.=30°. Q, or R,; is the same 
to the one mentioned above. 


shown in Figs. 22 and 23. For the angular 
distribution there seems to be a tendency of 
being 90° symmetrical or isotropic. 


3-2-4. The forbidden alpha group 

The O1%(d,a)N'* and C12(d, a)B'® reactions 
offer another problem. Since both deuteron 
and a particle have isotopic spin 0, as Adair? 
pointed out, if the isotopic spin is a good 
quantum number, the target nucleus and 
residual nucleus must have the same isotopic 
spin quantum number. By this reason, the 
O1%(d, a)N*4 reaction leaving N'* nucleus in 
its first excited state is forbidden, as easily 
known from Table II. The same is true in 


(d, a) Reactions on O18, N14 and CX 
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the case of the C'*(d, a)’ reaction when the- 
B'° nucleus is left in its second excited state. 
But, early in 1956 Browne* observed a_for- 
bidden group of alphas emitted from the. 
O'%(d, a@)N'* reaction by 5~7MeV_ incident 
deuterons, and he explained this apparent 
violation of isotopic spin conservation by 
noticing that the Coulomb interaction might 
admix a different T-spin state in the inter- 
mediate compound system. Further theoreti-. 


c(d,a)B° 


----- experiment 
—  JelQ, Ri) +0114 jlQeRe)l? 
ra HelQ RVI? 


(mb/sterad) 


oO 


Cross section 


30° 60° 902 


C.M. angle 
Fig. 21. Trial representation by 7.(QR) in C'2(d,. 
a,)B'° reaction. Dotted line is smoothed curve- 
of experimental result. Solid line is |72(Q:R1): 
+0.14 72(Q2Re2)|? normalized at @c.m.=40°. Q, is. 
momentum transfer calculated as _ knock-out 
process. Q@2 is momentum transfer as heavy 
particle stripping process. R,=6.45x10-13 cm, 
R:=6.85x10-13cm. Dot and = solid 

| J2(Q1R:)|* only. 


line is 


cal investigations given by Lane and Thomas!” 
reveal that, if 


«He» < D? 
or Os SOD 


the isotopic spin quantum number is a good 
quantum number and strictly conserves in 
the nuclear reaction process. Here <H-> is.. 
the coulomb interaction matrix element, D/ 
is the level spacing between levels with the 
same spin J and parity, and </> is the mean 
total width of those levels. Later, Mori- 
naga!®) discussed this violence of isotopic spin 
conservation in the case of the Mg**(7, p) andi 
Mg’%(7, p) reactions, and he gave 


(Loe 3-2) 5 
(LTS. 5=3)5 
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a(t) > Het/h 
as an amplitude of different 7-state mixing, 
where Hz is the Coulomb interaction energy 
and ¢ is the life-time of the compound inter- 
mediate system. 


c?(d,a3) Bie 
2.15 MeV excited state 
8 E 214.7 MeV 
@o 
oO 
32 
£ 
Ce 
2 
as) 
3 
® 
2 | 
cS) 
2 ° 
30° 60° 90° 120 
C.M. angle 


Fig. 22. Angular distribution of alpha particles 
from C12(d, a)B'° reaction leaving B in its third 
excited state. Dotted line is a smoothed curve 
connecting experimental points. 


c!?(d,aaB° 
3.58 MeV excited state 
Ed=14.7MeV 


(mb /sterad) 


Cross. section 


BO 


60° 
C.M. angle 


902 120° 

Fig. 23. Angular distribution of alpha particles 
from Cd, a)B reaction leaving B” in its 
fourth excited state. Dotted line is a smoothed 
curve connecting experimental points. 


By these considerations it has become clear 
that if a reaction is the purely direct process, 
i.e. when the reaction finishes in a time- 
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interval comparable with the time necessary © 


for the incident nucleon to pass through the 
target nucleus, the conservation of isotopic 
spin quantum number holds strictly. 

In recent experiments by Dalton et al.” 
and Hu® on the O%(d,a@)N'* reaction, for- 
bidden groups were also observed in the 
range of incident-deuteron energies from 6.8 
MeV to 11MeV. They discussed these a 
particle emissions as the proof of violation 
of the isotopic spin conservation. 

From the standpoint of spin-parity conser- 
vation, however, if the direct reaction is 
assumed, these ‘reactions are forbidden simul- 
taneously. From Table II, if both target 
nucleus and residual nucleus have 0* spin- 
parity, this transition is impossible through 
(d, a) reaction. Therefore, the O'%(d, a:)N‘* 
(first excited state) and C'!?(d, a2)B'® (second 
excited state) are doubly forbidden by both 
the spin-parity conservation and 7-spin con- 
servation. 

In the present work, a: group from O'+d 
and a2 group from C!?+d were also observed 
in the forward region. These facts may 
suggest that the (d,a@) reaction cannot be a 
purely direct process. 

As Harvey and Cerny” discussed about 
the C!2(a, d)N' reaction, and as Hashimoto and 
Alford? explained their experimental data 
for the Ca‘°(d, a)K** reaction, if the compound 
nucleus formation is assumed, the intensity 
of the forbidden group would be of the order 
of one-severalth of the allowed transition, 
when the spin and parity conservation only 
is considered. As discussed above, this a 
emission is further forbidden by the T7-spin 
conservation rule in our case. Consequently, 
a few percent emission of allowed transition 
may be understood if the compound nucleus 
formation is assumed. 


§4. Concluding Remarks 


Total solid angle cross sections are given 
in Table III. From this table it may be seen 
that comparing the same channel spin re- 
action, O and C” targets yield larger number 
of a particles than N' target. Preliminary 
experiments* on the (d,a) reaction in our 
laboratory teach us that C1#, O18, Ne2, Mg*4 


and S* targets yield more a particles than. 


N'™, F¥8, Al?” and P*. These facts suggest 


* To be published in a near future. 
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Table III. Total solid angle cross sections. 
| 
: (J )* 
Reaction o (total angle) 
Target nucleus Residual nucleus 
ee eens reeled Tak fate YO) BS 8 lA tae ns AS! hiro endéen aA] 

O16(d, a)N"4 0+ | 1+ 9.9 mb 

(d, ay) 0+ | 0+ 1~3% of apo from 20° lap to 80° rab 
Ni(d, ag)C# Le | 0+ 3.2mb 

(d, ay) 1+ 2+ 9.1 mb 
C2d,a))Bo | 0+ | 3+ 34 mb 

(d, a1) Ot ile 42 mb 

(d, ag) 0+ O+ 2~3% of ay from 40°jap to 90°1ap 

(d, as) Or ita 18mb_ Isotropic distribution is assumed 

(d, a4) ot De 3lmb_ ditto 


that if target nucleus (not compound nucleus! ) 
is of the type of the integral multiple of a 
particles, there occurs the (d,a@) reaction 
easier than in other cases. From this fact 
one hypothesis may be well assumed that in 
the (d, a) reaction, a cluster formation in the 
intermediate system plays an important role. 

The following phenomena may perhaps be 
the evidences for this cluster formation. 

1) The forward and backward peaks in 
the O'%(d, a)N* and C!2(d, a)B' reactions are 
likely to be due to the nucleon exchange or 
charge exchange effect. 

2) The doubly forbidden transition in the 
O'8%(d, a)N'* and Cd, a)B!® reactions can 
occur in intermediate energy. This fact sug- 
gests that according to Morinaga’s criterion 
the reaction time in the (d,qa@) reaction is 
much longer than that in the direct process. 
If H. is assumed to be ~1 MeV, the reaction 
time is of the order of 10-*!sec. This life- 
time is in accord with the width of the broad 
resonance found by Dalton ef al.) and also 
by Hu® on the O'%(d,a)N* reaction. This 
phenomenon is related to the charge exchange 
in intermediate state, and then to the angular 
distribution of allowed @ groups. 

3) In the cases of O'%+d, N'*+d and CY 
+d, the excitation energies of the target 
nucleus plus the incident deuteron energies 
are about 21, 34 and 23MeV, respectively. 
A neutron or proton of the deuteron moves 
with a half of this energy. If the Fermi 
energy is assumed to be 28 MeV, the energy 
of neutron or proton in the intermediate state 
nuclei will be 38 MeV, 45 MeV and 40 MeV, 
respectively. Now, according to the theo- 


retical discussion given by Hayakawa et al.?) 
a mean free-path of the nucleon in a nucleus 
changes greatly at around the energy of 40 
MeV (see Fig. 24). Therefore, when N' is 


fe) 


fs 


60 
Energy in MeV 


yr) 
Oo 


Fig. 24. Mean free path 4 versus nucleon energy 
in the nucleus. Solid curve and dashed curve 
refer to results calculated on the assumption of 
the inverse energy and the energy-independent 
cross sections respectively. After S. Hayakawa, 
M. Kawai and K. Kikuchi: Reference 21). 


bombarded by a 14.7 MeV deuteron, a mean 
free-path of the incident deuteron in the 
nucleus is small and the direct process is 
essential. On the other hand, when O* or 
C2 is bombarded by a deuteron with the 
same energy, the deuteron can live during 
very longer time interval than in the former 
case. This fact is in accord with the 7-spin 
admixture problem and the difference between 
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a particle angular distributions for O'*(d, @), 
N'4(d, a) and C!*(d, a) reactions. 
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Fifty-two nuclear interactions produced by the nuclei of cosmic radiation 
with charge Z=6, 7 and 8, and with energies around 4x 10!° eV/nucleon 
were studied in nuclear emulsions. The ratio of the number of interac- 
tions with heavy nuclei (Ag and Br) to that with light nuclei (H, C, N 
and O) was found to be 1.03, which is in good agreement with the value 
calculated by assuming the geometrical cross sections of the colliding 
nuclei. The features of interactions in which the colliding volume of an 
incident nucleus was equal to that of an alpha-particle were similar to 
those of a free alpha-particle. The average number of heavily ionizing 
tracks, Np, indicated the exponential increase as the impact parameter 
decreased. The distribution of the total charge of the fragments showed 
rather regular bumps at even charge. Almost all shower particles ejected 
with the smallest angles to the primary direction (shower axis) were the 
nucleons which came from primary nuclei. The angular distribution of 
mesonic shower particles was nearly isotropic in C. M. system at these 


energies. 


§1. Introduction 


A large number of works have been made 
on high energy nuclear interactions utilizing 
cosmic radiation by means of nuclear emul- 
sions. Most of these were, however, the 
investigations concerning the characteristics 
of nuclear interactions induced by single 
nucleons or alpha-particles. 

So far, studies on the heavy nucleus-nucleus 
collisions were almost confined to the follow- 
ing two problems, the one concerning the 
fragmentation probabilities which is necessary 
to find the composition of heavy primary 
cosmic-ray particles and their flux at the top 
of the atmosphere, and the other concerning 
the rare nuclear events at ultra high energies, 
because the events resulting from such 
nucleus-nucleus collisions generally appear as 
too complicated phenomena to be analysed 
unambiguously. However, the knowledge 
about general features of such interactions 
should be of great importance for understand- 
ing of the structure of nucleus, the multiple 
meson production in nuclear collisions at high 
energies, the contribution of heavy primaries 
to the extensive air showers and the behaviour 
of those particles in the cosmic space. 

An emulsion stack equiped with an orienta- 
tion control instrument was exposed at high 
altitude in order to obtain the east-west effect 


for heavy primary cosmic-ray particles in 
1957. The general characteristics on nucleus- 
nucleus collisions based on 52 nuclear inter- 
actions induced by carbon, nitrogen and oxygen 
nuclei in this stack, are described in this note. 
This selection of events may more or less 
simplify the interpretation of the intricate 
phenomena. The other data published by 
Fowler et al., Cester et al.,2 Hopper et al.® 
and Rajopadhye et al‘) were also considered 
together with ours to improve the statistics 
in some of the following sections. We shall, 
hereafter, refer to those data as [F], [C], [H] 
and [R]. About 700 heavy primaries with 
Z>6 were found in this stack. These results 
will be reported in elsewhere in the near 
future. 


§2. Experimental Procedure 


A stack of Ilford G5 emulsion consisting of 
66 pellicles, 15cm 10cm large and 600y thick 
was used in this work. It was exposed with 
the 15cm side in the vertical direction for 6 
hours, over the Central Districts in Japan 
(Amag=24°N) at the atmospheric depth of about 
10 g/cm? in September, 1957. 

The scanning was carried out along lines 
parallel to and 1cm inside the top and both 
side edges, and on the half upper parts of 
both sides. All heavy nuclei which cross the 
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scanning volume and have more than 10 0-rays 
per 1mm were accepted and followed through 
until they left the stack or interacted. 

In all cases of the interactions where the 
primary heavy nucleus did not undergo a 
destructive collision, the remaining heavy 
fragments were followed further in the same 
way. 

Due to the circumstance that the stack was 
flown at very high altitude and at the area 
of the magnetic cut off of 5.5 BeV/nucleon, all 
entering heavy nuclei had relativistic veloci- 
ties and ionization loss in the air above the 
stack and in the stack itself was negligibly 
small and the primary charge were deter- 
mined by measuring the 6-ray density in the 
relativistic region. 

By scanning the half upper parts of both 
sides, we obtained more than 150 nuclear 
interactions caused by heavy nuclei (Z>6) 
out of which 52 events induced by the colli- 
sions of carbon, nitrogen or oxygen nuclei 
with those in the emulsion were selected for 
this analysis. Those interactions were clas- 
sified with respect to #.—the charge of heavy 
fragments (z>3), Na—the number of helium 
nuclei, Ns—the number of charged shower 
particles (Gonization<1.4 minimum _ioniza- 
tion), and N,—the number of heavily ionizing 
tracks (grey and balck tracks). 

In Table I the details of the observed inter- 
actions are given. 


§3. Prong Distribution of Target Nuclei in 
Interactions 


The distribution of heavily ionizing tracks 
(grey and black) associated with the interac- 
tions is given in Fig. 1. The distribution 
given in the figure includs the data of [F], 
[C], [H] and [R] together with ours. 

It is noted that there is a change of distri- 
bution which shows a sudden decrease at the 
line of demarcation between N,=6 and Ni=7, 
and the nearly uniform distribution continues 
hereafter up to Nx~20. This change can 
possibly be attributed to the existence of two 
kinds of target nuclei in the emulsion, the 
light nuclei (H, C, N aud O) and the heavy 
nuclei (Ag and Br). Most of the events with 
Nx<6 should naturally be attributed to the 
interactions with light nuclei and the remain- 
der (Nx>7) to the interactions with heavy 
nuclei. 
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If we assume that the interactions with 
N,<6 produced on heavy target nuclei have 
the same prong distribution as that of the 
events with 6<N,<20, then we can estimate 
the contribution of heavy target nuclei in the 
region of Nz<6. The dotted line in Fig. 1 
shows the average number of events with 
7<N,n<18. From’ the above assumption, it 
was very reasonably estimated that 22.4% of 
the interactions with Nx»<6 was induced on 
heavy target nuclei in the emulsion. This 
estimate leads to a result that 50.7+5.7% of 
all events was the interactions with heavy 
nuclei. Hence, the interactions with light 
nuclei was 49.3+5.8%. Assuming that the 
geometrical cross sections of nuclei are valid 
for the interactions considered here and tak- 
ing the content of the nuclear emulsion into 
account, the calculation gives the values of 
56% and 44% for the fractions of heavy and 
light nucleus interactions, respectively. 
These are in good agreement with the result 
obtained from our experiment. 

The interactions were divided into 4 groups 
in terms of Pi, the number of charged nucle- 
ons in the splitting, i.e., the charge of incident 
nucleus (Z») minus total charge of heavy 
fragments (F.+2Na). In other wards, P; 
means the number of fast charged nucleons 
among the shower particles. Figs. 2 (a), (b), 
(c), and (d) give the prong distributions for 
the case of P;<2; Pi==3 to4;>Ps=5 to6 Gad 
Pi=7 to 8, respectively 

In the case of Pi; <2, the colliding volume 
of nucleus is considered to be the same as 
that of alpha-particle events. The dotted line 
in Fig. 2 (a) shows the data of the interactions 
produced by alpha-particles given by Daniel 
et al.» and are normalized at Na=0. One 
can see good agreement between both distri- 
butions in the region of Nz < 10. 

There is, however, a discrepancy between 
these two distributions for the higher values 
of Nx (> 10). If it is assumed that the heavy 
fragments are the residual nuclei resulted 
from the removal of nucleons in the over- 
lapped volume of the incident and target 
nuclei in the collision, and the excitation 
energy of the residual nucleus comes from 
the friction energy and the change in the 
surface energy®”, then this result may be 
understood by taking account of an impact 
parameter: that is, a central collision is pos- 
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Table I. Summary of events recorded in the emulsions. 
Number of Charge of 
Bent primary No Nn Ns We 12), Ns ye 
nucleus 
8 6 3} | 0 0 0 
38/ 6 0) 0 10 | : 4 
45 6 0 | 4 7 lal 6 15 
46 6 0 19 141 6 135 3.4 
49 6 0 | 4 8 4 2 6 
50 6 3 0 3 0 3 
52 é (el bay 30 6 24 2.8 
60 6 ay eee. 18 6 12 
7A 6 (0) 0 7) 6 17 
93 6 0 5) 14 6 8 
94 6 1 5 3 3 1 2 
100 6 (en) Da #2 48 6 42 2.1 
102 6 eo 4 23 4 19 6.2 
218 6 il 16 30 4 26 eG 
216 6 0 3 10 6 4 
219 6 an ae | 40 ae 36 ne 
222, 6 Zz Z; 5 2 3 
226 6 3 5 8 0 8 
Dos 6 3 2 2 0 2 
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203 8 0. Fy 8 6 7 1 3 
212 8 2 2 | 13 | 4 9 | 
294 8 1 2 | 4 6 0 4 


sible for a free alpha-particles, but in the 
case of a heavy nucleus, there must be a 
lower limit of the impact parameter in those 
collisions. 

In the interactions with larger impact para- 
meter, the nucleus can not be too excited to 
give more than 10 prongs, as shown by the 
full line in Fig. 2(a). The interactions having 


the smaller impact parameter than this lower 
limit should belong to the other categories 
(Pi > 3). 

From Figs. 2(b), (c) and (d), it appears that 
the maxima of the prong distributions for 
heavy target nuclei shift to the higher values 
of Na when P; is increased, as expected. 

The correlation between the average 
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The distribution of heavily ionizing tracks, Np, for all events. 
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The distribution of Nz. (a) for P; <2, (b) for Pj=3 to 4, (c) for P;=5 to 6, (d) for P;=7 


to 8. The dotted line is the events of alpha-particles by Daniel et al. 


number of Nz and P; was plotted in Fig. 3. 
An increasing function of the average N, on 
P; is expressed approximately by an expo- 
nential form. 


§4. Fragments of Incident Nuclei 
The fragments produced by the interaction 


of heavy nucleus have been discribed as the 
results of the evaporation process in the rest. 
system of the incident nucleus. 

In an effort to see the nature of these 
fragments, the frequency of the interactions. _ 
in which the fragments (alphas and heavy 
nuclei with Z>3) with the total charge of 
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4n—Pi were produced, was plotted in Fig. 4 
for three kinds of the primary nuclei. It is 
‘reasonably understood that the frequency of 
‘the events with Z»,—P;=1 must be zero, be- 
“cause we Can not recognize a nucleon evapo- 
sated from the primary nucleus as a fragment. 
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Fig. 3. Average number of N; as a function of 
Pes 
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Fig. 4. The frequency of the total charge of 
fragments, alphas and heavy nuclei with 7 > 3. 


Accordingly, we should consider that these 
events are included in the events with 
Z,—P,=0. 

As seen in Fig. 4, it is definitely recognized 


Nuclear Interactions of Heavy Primary Cosmic Radiation 


2135 


that the distribution of the total charge of 
fragments shows the regular bumps at the 
abscissa of the even charge. As we do not 
have any information about the nucleons 
evaporated from the residual nucleus of the 
incident particle, we do not know the exact 
charge of the nucleus which was left at the 


_excited state immediately after the collision. 


In the case that the total charge of the frag- 
ments were even, the fragments with even 


Table Il. The classification of the fragments. 


Total charge Number of of 


Cee  iaguent 
2 | a 122 | 
3 Li 20 
4 Be 14 13.3 
2a 91 86.7 
5 | B 23 60.6 
| ats 15 39.4 
C | 26 | 33.3 
at+Be 11 feet al 
_ 3a Al 52.6 
nt Li 0) 0 
N 18 66.7 
a+B 9 33.3 
Int Be @) | 0 
Cie 3 25.0 
a+C 6 50.0 
2a+ Be i 8.3 
4a 2 16.7 
2Bz 0 | 0 
Ii,+B 0 | 0 
In=35 | C=26) 
a=A78 B.=26+93 N=18} 47 
B=32) | 0= 3) 


charge were always observed, but the frag- 
ments with odd charge were never observed, 
as expected from the nuclear stability con- 
sideration. When the total charge was odd, 
single fragments with odd charge were fre- 
quently observed. 

Because of the complexity of the phenomena 
and the ambiguity of the evaporated nucleons, 
it would be difficult to deduce too definite 
conclusion about the excited nucleus after the 
nuclear interaction from the results stated 
above, but we feel that we could obtain more 
information about it by improving the statis- 
tics. 
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§5. Angular Distribution of Secondary 
Shower Particles 


(a) Angular Distribusion of Laboratory System 

As already described in §1, we found 52 
interactions produced by carbon, nitrogen and 
oxygen nuclei of primary cosmic radiation. 
The space angles between the directions of 
shower particles and the incident primary 
nucleus were carefully measured by a Ko- 
ristka microscope for all events. 


4 
ip - 


Fig. 5(a). Angular distribution of shower parti- 
cles in L-system for all events. 


x : for nucleons 


© :for mesons 


10% 5 10" 5 rad. 


Fig. 5(b). Angular distribution of shower parti- 
cles in L-system. 


Fig. 5(a) shows the angular distribution of 
shower particles emitted in the unit solid 
angle. The distribution might be approxi- 
mated by two straight lines. From the 
consideration of the nature of the heavy 
nucleus interactions, it is presumed that the 
steep line indicates the distribution of nucleons 
of the primary nucleus and the other line 
corresponds to the mesons created by the 
collisions. 
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In order to get the clearer evidence for 
such interpretations, the events with high 
and low multiplicities of mesons were selected 
from the events described above. In Fig. 5 
(b), the circles indicate the distribution for 
the events with high multiplicity of mesons. 
in whith P; is less than 20% of Ns, and the 
crosses are for low multiplicity, ms being less. 
than P;, where Ns; is the total number of 
charged shower particles and ms is equal to. 
N;—P:. Thus almost all particles in the 
latter showers consist of the fast nucleons. 
and the larger fraction of particles in the 
former group is thought to be the mesons. 
produced in the collisions. 

As can be seen from this figure, it is 
evident that most of the shower particles. 
ejected with the angle less than 3x10-* rad. 
are attributed to the nucleons which come 
from the primary nucleus. 


(b) Angular Distribution of Mesons in C. M. 
System 

If a nucleus-nucleus collision can be con- 
sidered as the superposition of the individual 
nucleon-nucleon collisions, then the Lorentz 
factor ye of the center of momentum system 
(C. M. system) is determined from Castagnoli’s. 
method® as follows, 


n 


inp AS iweot ese 


ft iy 
Ns j=1 

An angle of the shower particle in C. M. 

system, @:*, is related to 7e as 
Os =2 tan Geta Oa) - 

22 events with high multiplicity were satis- 
fied with the criteria that P: was less than. 
20% of Ns and Ns was greater than 10. They 
were accepted for the investigation of the 
angular distribution of mesons, because we 
thought that the nucleons included in those 
showers did not have too large influence in 
calculating the angular distribution of the 
ejected mesons. 

The angular distribution in Fig. 6 shows 
the results obained by using Castagnoli’s. 
method by taking all shower particles into 
account. The average value of ;7- thus 
calculated is 4.5 in this case. This makes. 
the distribution nearly symmetrical with re- 
spect to forward and backward directions but. 
strongly anisotropic. 

If it is, however, desirable to know the: 
angular distribution of mesons created by the 
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primary collisions, we have to take account 
of the influence of nucleons from the primary 
nucleus at the small angles as mentioned 
already and of the mesons produced by the 
“secondary process” at the large angles. 
The events were separated into two groups 
according to the multiplicities of the shower 
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Fig. 6. Angular distribution of all shower parti- 
cles in C. M. system. 
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particles. One group, consisting of the events 
with the multiplicity less thae 7 P:, gives the 
distribution of the full line in Fig. 7, and the 
other one drawn by the dotted line shows that 
of higher multiplicity. There is a noticeable 
peak at a small angle in the distribution of 
low multiplicity which should correspond to 
the nucleons from the primary nucleus. But 
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the distribution for high multiplicity is similar 
to the one of all events as given in Fig. 6. 
The concentrations of shower particles in 
forward and backward directions are to be 
attributed to the lower estimation of ye and 
to the presence of the shower particles created 
by the secondary process. 

In order to take the primary nucleons and 
the mesons arising from the secondary process 
out of the shower particles, we assumed that 
Pi shower particles emitted with the smallest 
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cog @* 
Fig. 7. Angular distribution of shower particles 
separated by the multiplicities. Full line: for the 
low multiplicity. Dotted line: for the high 
multiplicity. 


angles within 310-? rad. were the primary 
nucleons and also that the particles with the 
angles greater than a certain value in each 
event derived in the previous paper! were 
produced by the secondary processes. At this 
angle the smooth continuity of the distribution 
in the F-plot®” of all shower particles of an 
event was broken and its slope changed. We 
could practically find this angle in the F-plot 
on all of each event with the high multiplicity. 

We have, again, calculated y- from the 
angular distribution of the selected shower 
particles obtained by removing those at the 
small and the large angles. The 7- thus 
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obtained refers only to the angular distribu- 
tion of shower particles produced by the 
primary collision in the nucleus. Fig. 8 gives 
the angular distribution in C. M. system of 
the accepted shower partieles. In this case, 
the average value of 7c is 4.3. The full and 
the dotted lines in Fig. 8 indicate the angular 
distributions of shower particles associated 
with the low and the high multiplicity events, 
respectively. Within the statistics available 
here, they are not inconsistent with each 
other and are not appreciably different from 
the isotropic distribution. 
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Fig. 8. Angular distribution of meson shower 
particles in C. M. system. Full line: for the 
low multiplicity (ns<7P;). Dotted line: for the 
high multiplicity (ns>7P;). Heavy line: the 
sum of the above two distributions. 
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The angular distribution shown by the 
heavy line in Fig. 8, the sum of the two 
distributions described above, is rather in good 
agreement with the isotropic angular distribu- 
tion. This agrees with the results obtained 
by the measurements of nucleon-nucleon 
collisions at the same energy range’. Thus 
the features of the nucleus-nucleus collisions 
at the energies less than 10! eV/nucleon can 
be. interpreted in terms of the successive 
collisions’”). 
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§6. Conclusions 


The experimental results concerning the 
interactions produced by carbon, nitrogen and 
oxygen nuclei can be summarized as follows; 

(1) In nucleus-nucleus collisions at energies 
around 4x10!°eV/nucleon, it was estimated 
that 22.4% of the nuclear events with Nza<6 
was attributed to the interactions with heavy 
nuclei in the emulsion (Ag and Br). From 
this result, we could obtain the ratio of the 
number of interactions with heavy nuclei to 
that with light nuclei (H, C, N and O), 50.7/ 
49.3=1.03, which is in good agreement with 
the value derived by the calculation using the 
assumption of the geometrical cross sections 
of the nuclei. 

(2) It seemed that the characteristics of 
the collisions of the nuclei with P;<2 (the 
colliding volume of the incident nucleus was 
the same as that of a free alpha-particle) were 
similar to those of free alpha-particles. 

(3) The average number of heavily ionizing 
tracks, Nn, increased exponentially with the 
increase of Pi. 

(4) The distribution of the total charge of 
the fragments showed the regular bumps at 
the abscissa of the even charge, which pro- 
bably came from the stability of the nucleus 
in the excited state after the collision. 

(5) In Laboratory system, most of the 
shower particles within angles 3x10-* rad. are 
the nucleons of the primary nuclei. It is pos- 
sible to reject almost all nucleons of the 
incident nucleus and the mesons produced in 
the secondary process among all the shower 
particles. After those corrections were made, 
the angular distribution in C. M. system of 
mesons produced in the primary collision is 
nearly isotropic, which is in agreement with 
the other results in the same energy range 
of interactions. Those facts could suggest 
the successive collisions in the same nucleus. 
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The parasitic ferromagnetism found in the ammonium tutton salt of Mn 
and Co ions is discussed. By assuming the two sublattice model, we 
look for the lowest energy state of spin direction, where the exchange 
and dipole interactions are taken into account. It can be shown that 
the origin of parasitic ferromagnetism in MnNHj,-tutton salt is the cry- 
stalline field and in CoNHy,-tutton salt the anisotropic dipolar and ex- 
change interactions. The estimate of the angle with which the spins 
incline to the K,K2-plane are found to be 21°42’ and 10°42’ for Mn- and 
Co-NH,-tutton salts respectively, agreeing well with the experimental 
results. It appears theoretically that the spin direction for the lowest 
energy state lie within a plane which inclines to the K,K3-plane with 
angle —15°2’ and —9°53’ for Mn- and Co-tutton salts respectively. 
The Néel temperature and the susceptibilities are also calculated in 
rather good agreement with the measured values. It is noted that the 
directions corresponding to the maximum and minimum values of suscep- 


tibility within K,K>-plane deviate considerably from K,- and K>-axes. 


$1. Introduction 


The paramagnetic crystals of the iron 
group ions have hitherto been studied exten- 
sively, both experimentally and theoretically, 
and in particular the tutton salts and alums, 
as typical substances for adiabatic demagneti- 
zation, have been studied fully with the use 
of microwave resonance techniques. For the 
Co-tutton salt, there are susceptibility mea- 
surements by Jackson”, X-ray crystal struc- 
ture analysis by Hofmann”, measurements of 


the g-factor by Benzie and Cooke®’, suscep- 
tibility measurements at liquid helium tem- 
peratures by Garrett’), and !studies of the 
spin-lattice relaxation time by Gorter ef al.» 
and Haseda®. Abragam and Pryce” have 
discussed the splitting of the energy levels 
of Cot+ ion due to the crystalline field and 
have explained the large anisotropy of the 
g-factor observed by Bleaney ef al.°. Ina 
previous paper, Nakamura and Uryi® have 
calculated the magnetic contribution to the 
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specific heat, and further, by using the wave 
functions obtained by Abragam and. Pryce, 
the writer!” has calculated the high tempera- 
ture susceptibilities and found their anisotro- 
pies to agree well with Jackson’s results. 
There is also a recent report!” on the evalu- 
ation of the spin-spin relaxation time. For 
other tutton salts, there are also many 
studies, e.g. the calculation of the spin-lattice 
relaxation time in Cu-tutton salt!” and the 
theory of the paramagnetic relaxation in Ni- 
tutton salt!®, 

As stated above, Garrett measured the sus- 
ceptibilities of Co-tutton salt at liquid helium 
temperatures. He used the paramagnetic 
relaxation method and the results are repro- 
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Fig. 1. Variation of the magnetic susceptibility 
with temperature for each of the three magne- 
tic axes. (After Garrett) 


elie) O15 


duced in Fig. 1. This salt has a rather low 
Néel temperature of T7w=0.084°K, and below 
this temperature there seems to be a typical 
antiferromagnetic ordering. The crystal has 
a monoclinic structure in which each Cot++ 
ion is surrounded tetragonally by six water 
molecules. The unit cell contains two Cot+ 
ions whose tetragonal axes incline to each 
other. As described in reference 9 (hereafter 
referred to as (I)), the lattice constants, the 
directions of the macroscopic principal axes 
and the microscopic tetragonal axes are as 
follows (see also Figs. 2 and 3): 


do= 9.205 (A) fej tat 
bo=12.475 ¢g=1375% 
‘These values are after reference 14). In (0), 


we adopted the data of (NH,).Zn-tutton salt for Co- 
tutton salt, data on the latter being unavailable. 
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Co= 6.225 Ge 347, 

Ions with tetragonal axes 7: and T:2 will be 
denoted as I and II, respectively. The ions 
I are situated on the lattice points of the 
monoclinic lattice and the ions IJ on the face 
centre points of the ab-plane; one is derived 
from the other by a translation (4, 3, 0) follow- 
ed by a reflection by the ac-plane. 


b=Ks 


first 
tetragonal 
axis 


Second tetragonal 
axis ‘ 


bKi- plane Ki 


Fig. 2. Tetragonal axes of ions I and JI in the 
K,K3-plane (normal to the ac-plane). 


c-axis 


ac-plane 


Fig. 3. Crystallographic (a, b, c) and magnetic 
(Ki, Ke, Ks) axes. 


Miedema, 
Huiskamp™ have studied the magnetic be- 
haviours of Mn- and Co-tutton salts at very 
low temperatures. They have measured the 
paramagnetic absorption and dispersion at 
several values of entropy below the Néel 
point (0.084°K for CoNH:-tutton salt and 
0.14°K for MnNH,-tutton salt), and have 
shown that CoNH.- and MnNH.z-tutton salts 
are very similar to each other near their 
Néel temperatures but above 1°K the man- 
ganese salt behaves nearly isotropically in 
contradistinction to the cobalt salt. The 
characteristic feature of their measurements 
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as compared with Garrett’s is that the sus- 
Ceptibilities in the Ki- and Ks-directions as 
functions of longitudinal field have been 
determined. The samples investigated were of 
the shape in which they had grown, not an 
ellipsoidal form, but the susceptibilities were 
corrected to their values for a_ spherical 
sample. The susceptibility curves in the Ki- 
direction (Fig. 4a) show an antiferromagnetic 


Fig. 4a. The susceptibility in the K,-direction 
as a function of longitudinal field. R denotes 
the gas constant. (MnNH.,-tutton salt) 


Fig. 4b. The susceptibility in the K;-direction as 
a function of longitudinal field. 
MnNH.-tutton salt: 
HES = 0229s 21S 0.83 by), eons — 1. OSE) 


CoNHy,-tutton salt: 
i (S=0.050R), ii (S=0.262R), iii (S=0.3652R) 


character, the transition from the antiferro- 
magnetic into the paramagnetic state occurr- 
ing at fields of a few hundred oersted. The 
%; versus H curves are shown in Fig. 4b; 
the susceptibility remains nearly constant at 
small fields but decreases sharply at a field 
whose value is the largest for the lowest en- 
tropy. At fields greater than 150 Oe, %s be- 
comes again nearly constant and has a value 
of %:=8.32. This field dependence indicates 
a ferromagnetic character, and in fact there 
is a parasitic ferromagnetism as will be men- 
tioned below. Miedema et al. give the follow- 
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ing qualitative interpretation. 

At temperatures lower than Ty, the sublat- 
tice magnetizations are not antiparallel to 
each other but they deviate from their 
respective tetragonal axes in the way shown in 
Fig. 5 either a or b. The resultant magneti- 
zation has no component in the K.-direction 
but it has a non-vanishing component in the 
Ks-direction. Two equally possible arrange- 
ments, @ and 0, are supposed to form domains 
in the crystal. In small field applied in the 
K;-direction, domains with magnetization 
opposite to the field will be transformed into 
domains with the right direction of magneti- 
zation. The high value of 2% in small field 
is explained in this way, but saturation will 
occur at higher fields. At high enough ex- 
ternal fields, only domains of one type will 
be left and the whole crystal will have one 
large domain. In CoNHgz-tutton salt, the 
ferromagnetic magnetization at temperatures 
much lower than Ty is given by N<p)>sin- 
(34°—6u) with <#)>=3.1y, the measured 
ferromagnetic saturation magnetization being 
My =7.07 x 10? emu/mol, where po is the Bohr 
magneton. In MnNH,-tutton salt, the 
ferromagnetic magnetization is given by Ng po 
-sin (32°—@u), the measured value of My; be- 
ing 7.82x10%emu/mol. From these data, the 
estimate of Ou is found by Miedema et al. to 
be 16° and 10° for Mn- and Co-salts respec- 
tively. In the present paper, we study the 
origin of such spin arrangements in the two 
salts and calculate the angle of inclination 
which the spin moments make with the K:- 
axis in the ordered state. The origin of the 
weak ferromagnetism should be different for 
the two salts. In MnNH,-tutton salt, the 
Mn** ions are almost in the S-state, so that 
the exchange interaction should be isotropic 
and it cannot make the two _ sublattice 
magnetizations incline to each other. Even 
when magnetic dipole interaction is taken 
into account, one has still a completely anti- 
parallel arrangement of spins which lie in 
the Kik2-plane. The weak ferromagnetism 
of MnNH.-tutton salt has to be caused by 
the anisotropy energy of the one ion type, 
DS#, which would make the spins I and II 
seek to align along their respective micro- 
scopic tetragonal axes and thus give rise to 
the arrangement shown in Fig. 5. However, 
it will be shown that in the ordered state 
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the spins are in a plane which intersects 
with the K:iK3-plane along the Ks-axis. 

In CoNHg,-tutton salt, the lowest state of 
the magnetic ions Cott is a Kramers doublet, 
so that the anisotropy energy of the one ion 
type disappears. However, the g-factor of 
these ions is strongly anisotropic, namely its 
principal value along the microscopic tetrago- 
nal axis is about twice as large as the other 
two principal values. As a result, both the 
exchange and magnetic dipole interactions 
are modified in such a way that they are 
strongly anisotropic in the lowest Kramers 
doublet. These modified interactions will 
turn the spins I and II toward the Ks-axis. 

In § 2, the ordered state in MnNH,-tutton 
salt will be discussed. As unfortunately we 
do not have sufficient information about the 


Ks direction 


1k: 
Ee Mr 


Ki direction 


N 
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Fig. 5. Two possible structures, a and b, in Co- 
NHj,-tutton salt in ordered state. M7, Mr; repre- 
sent the directions of the sublattice magnetiza- 
tions and 7';, Tyr the tetragonal field axes. 


exchange integrals, including their signs, we 
shall estimate them from the measured 
Weiss constant, with reference to the results 
obtained in (I) concerning the signs and the 
ratio of the magnitudes of the two exchange 
integrals between the first and second nearest 
neighbours. The Néel temperature of this 
salt will be estimated in this section, too. A 
similar treatment for CoNH«-tutton salt will 
be given in §3. Reasonable results are obtain- 
ed with the use of the dipole sums and ex- 
change integrals estimated in (I). In §4, we 
shall calculate the antiferromagnetic suscep- 
tibilities for the two salts by using the Weiss 
approximation. 
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§2. The case of MnNH.-tutton salt (the 
ordered state) 


jf The lowest state of Mn++ is ®S. Abragam 


and Pryce!) have pointed out that this six- 
fold degenerate state splits into three Kra- 
mers doublets owing to an ellipsoidal defor- 
mation of the electronic density in the tetra- 
gonal crystalline field. However, this splitting 
is not very large compared with kTw (Tw= 
0.14°K) (the total separation being 0.17cm~*)’®. 
Furthermore, according to Bleaney and In- 
gram‘), the g-factor is nearly isotropic and 
is the same as that of the free ion (g=2). 
Therefore, we have to consider the following 
three energies. First, the dipole interaction: 


A dip = = Vin [pis px—3( pei tix) (pox bix)] , 
(2.1) 


where tix is the unit vector connecting the 
ions 7 and k and wi=gyoSi (S=5/2) the magne- 
tic moment. Second, the exchange interac- 
tion: 


Sn =e TixSi- Sk , (2.2) 
which is isotropic. Third, the energy which 
comes from the tetragonal crystalline poten- 
tial: 

Dis 51S +o} (2.3) 
where C’ denotes the direction of the tetra- 
gonal axis. 

For the time being, we consider only the 
dipolar and exchange interactions between 
Mn** spins. We shall use suffixes 2, yp, »v, 
etc. to represent coordinates x, y and z, whose 
axes are taken respectively along the Ki, K2 
K;-directions, and we shall specify with i, k 
the ions I and with a, 8 the ions II. Then 
the Hamiltonian of the J/-th spin can be 
written as 


CO =F ip te SS CLP SSH . 


MILY 


(2.4) 


In the following, we shall assume the two- 
sublattice model and treat the spins as classi- 
cal vectors. Each sublattice consists of 
ions of the type I or II and composes a pseudo- 
cubic structure (see Fig. 6). Due to the cry- 


stalline symmetry, SCi2” and SC” will 


vanish, and the non-zero coefficients are given 
by 


1961) 


2 Chad CXP=pr'g’Gir—4hi ; 


SC 8 = po? Z*Gor —8/], > 
@ 
UCH=Mrg*Gey , 


HOSE 


@ 


(2.5) 


@ 1 ions 
O I ions 


ab-plane 


Fig. 6. The pseudo-cubic structure of magnetic 
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Here Ji is the exchange integral between ions. 
of the same kind lying along the c-axis. 
(nearest neighbours) and J, that between 
ions of the different kinds in the ab-plane 
(second nearest neighbours), and 


SA-30h) re =Gar, 
D-3(he)\/rta =Car, 


=) > titti/rin=GR ; 


(A # p) (2.6) 


a) DS Latte a=Gy . 


These Gia and Gz, can be considered to have: 
the same numerical values with those already 
given in (I) (errors due to a difference in 
assumed lattice constants being negligible). 
The numerical values of (2.6) are given in 
table I. 

When we consider the total energy, / and 
m run over both kinds of ions I and II in 
the summation of (2.4), and we write 4/N (N’ 
is the total number of molecules) times the 
total energy as 


13 -), AISNSS 


(Ay=An) (2.7) 


where z and j represent 1, 2,---,6 and (&1, 
&5, 5) and (3, 4, &6) denote the components. 
of classical spin vectors I and II, respective- 
ly, namely, 


(1, Ee, €;)=(Set, Szt, Sy) ? 


2.8) 
(és, Er E)==(Oae. S205 Sua) ? \ ) 


If we neglect (2.3), the matrix Ai; can be: 
reduced to a form consisting of a 4x4 sub- 
matrix whose non-zero elements are 


ions. 
Table I. Numerical values of G,, and GX). (in cm-3) 
| 

a | Grxl0-# =| Gaax10-# a ee G2) x 10-2 
P —0.4097 0.3670 | wy | 0.8585 + 0.1571 
y —0.7398 0.4992 yz | 0 0 
Z | 1.1629 —0.8670- | 2 | 0 0 

Au=Ass= 2 me As= py Cus 

Ane Asan pecs TAVRT, OH Oe (2.9a) 


k 


. 


Ass=Ace= 2 Che 


and a 2x2 submatrix consisting of 


Ass= >» Ci. ? 
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Axn=Au= 2 Co ’ 
(2.9b) 


Au= Dy Ce : 
The problem of finding the minimum value of (2.7) under a weak condition 


&24+6&2+.--+&’=const. 


can be reduced to the diagonalization of these 4x4 and 2x2 matrices. If the eigenvector 
belonging to the lowest energy value obtained corresponds to a physically realistic solution, 
everything should be right. The diagonalization can be achieved by the transformation with 
the following matrix: 


a cos 4; 0 cos 61 0 sin (1 sin fs: | 
U=1/V 2 0 V 2 cos¢ 0 V 2 sing 0 0 
—sin 0; ay —sin A; 7 0 cos (4 cos (4 (2.10) 
0. =VW 2 sing. ..0 V 2 cos¢ 0 0 
COS O2 0 —COos 02 0 sin 02 —sin 02 
|. —sin 42 0 sin 42 0 cos #2 —cos@: | 
where 6:1, 02 and ~ are given by 
2(Ais+ Ais) 
tan 20:= : 
esi WEY Sy Ce 
2(Ais— Ae) 
tan 262.= ; : 
oe Aiu—A1s—Ass+ Ase eee 
2Au 
tan 29=————_.. 
® Asz—Aags 


Unless we can estimate the exchange integrals, we cannot find the lowest eigenvalue and 
the corresponding eigenvector. But if we use the values of /: and Jz to be estimated in 
Section 2.1, it can be shown that the eigenvector corresponding to the lowest eigenvalue is 
given by 


750s 82, 0, —cos @2, 0, sin 62, —sin 02) (2.12) 
whence the orientations of spins I and II are found to be respectively 


a (cos #2, 0, sin @2) , 


= (cos 62, 0, sin @2) . 


This solution corresponds to a realistic solution, and accordingly it gives the lowest energy 
state. The spins I and II are then completely antiparallel in the KiK>-plane. 

Let us now see how the situation will be modified by taking into account the anisotropy 
energy of the one ion type. Introducing (2.3) into (2.7), we have another non-vanishing 
matrix elements Aiz and Au. If we denote by @o the angle between the spin direction and 
the microscopic tetragonal axis, (2.3) can be written classically as 


D{S? cos? @o—35/12} = D{S,? cos? a+ S# sin? a+S,-S,sin 2a—35/12} . (Z13) 


Abbreviating the matrix Ai; as 
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a b d 0 t a 
b c 0 PF 0 0 
d 0 a -—b u t 
2.14 
0 f —b C 0 0 ) 
t 0 Uu 0 v Ww 
| u 0 t 0 w | 
we have now following expressions for the matrix elements: 
Q= t0?S"*Giz—4)i:+2D cos? a , ETRY gd Cheam 
b=2Dsinacosa, u=p'g?G® , 
C= po'?S?Gi2—4]i: +2D sia, v= po’ S*Giy—4 i ? 
d= p02?G2z—8 Jo 5 W = oe’? Gry—8J2 : 
F=b0?8?Gr2—8)r , (2.15) 
To diagonalize the matrix (2.14), we transform it with the following orthogonal matrix: 
inde 0 1 0 0 Oa 
V=1l/V2 | 0 1 0 +1 0 0 
| O 0 0 0 1 1 
| 1 0 —1 0 0 0 ee) 
| 0 1 0 1 0 0 
0 0 0 0 1 —1 


Then (2.14) is reduced, with regard to the new coordinate €’=Vé, to following two 3x3 
submatrices: 


a+d b beat aa 

b c—f 0 (2.17a) 
t+u 0 vtw 4, 
a—d b bt a) 

b c+f 0 | (2.17b) 
t—=u 0 v—w 


The eigenvalues of the matrices (2.17a) and (2.17b) can be obtained numerically. But the 
‘matrix elements involve the exchange integrals, and the form of the eigenvector correspond- 
ing to the lowest eigenvalue depends largely on them. In the below we shall examine this 
‘situation by estimating the exchange integrals. 


2.1. The estimation of J; and jz. 

It is now necessary to estimate ji: and jz separately. This estimation has been made in 
the case of Co-salt®, where we used three different values of measured Weiss constants for 
the paramagnetic state. In Mn-salt, the paramagnetic susceptibility should also be of an- 
isotropic character below about 0.1°K, as will be discussed in § 4.3. However, the anisotro- 
‘pic Weiss constants derivable from the magnetic susceptibility of Mn-salt are not available. 

Erickson and Roberts!” reported the Weiss constant 0 for MnNH:-salt to be —0.003°K, 
where it is assumed that y=C/(T—0) and C=Nw’g? S(S+1)/3k=4.385 (S=5/2). From this 
@ -value for powder sample at rather high temperatures, we can estimate /i+2J2 by com- 
paring with it the average value of the theoretical Weiss constant. The average Weiss con- 


stant is obtained from (4.29) as 
9 =O ents). (2.18) 
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In this expression, contributions from the dipolar interaction and serystalime field effect 
average out to zero, because we have, for example, 
Gizt+Giyt+Giz=0 . 
In this way, we obtain /:+2/2 as 
—2(fi+2J2)=0.071 x 10-* . (2.19) 


To determine J; and Jz separately, we must have another relation. Considering the case of | 
Co-salt treated in (I), we may expect that J: and Jz are of comparable order to each other _ 
and J:>0, J2<0. We assume these signs of J: and jz for Mn-salt and furthermore assume 
the same ratio |J:|/|J2|=1.29 (see also §3) as that for Co-salt. Then we have from (2.19) 


2) 0 N29X10-" ; —2)2=0.100 x 10-** . 


Computation of (2.15) with the use of these values and also of numerical values given in | 
table I leads to the result in table II. According to Bleaney and Ingram, D in dilute salt is 
+2.77x10-2cm-! at 20°K, but it is more likely that Dis negative, since the Kramers doublet 


Table II. Numerical values of (2.15)*. (in ergs) 


a= —9.5556 x 10-18 | d= 1.6618x10-18 u=+0.5401 x 10-18 


b=—4.9298 7» f=—2.9809" 7 yv=—2.8016 7 


o= Wd 4 t=+2:9517 4 WO es, 


* According to Bleaney et al.16! the value of a=32° is used for MnNH,-tutton salt. 


with S,=-+5/2 is the lowest, as pointed out by Miedema et al.. So we assumed the magnitude. 
of D to be that in dilute salt but with negative sign, —5.4846<10-% ergs. 


2.2. The ordered state. 
With the use of the numerical values given in table II, the eigenvalues of the submatrices. 


(2.17a) and (2.17b) are obtained respectively from the following cubic equations (in units of 
10st): 


6° +5,342¢? —58.875¢+5.160=0 , (2.20): | 
e?+18.053¢?-+55.995e—24.718=0 . (2.20b): | 


The lowest eigenvalue is obtained from (2.20b) as emin=—13.89. The corresponding eigen-. 
vector is given by 


vir q; =); q, 7, =H (2.21) | 


whence the orientations of spins I and II are found to be respectively 


Wand q; r) ’ 
Sarg —q, r) ’ 
where ~, g, and r are determined by the conditions 
Pg trai, 
(c+f—s)(v—w—e) bev—w—s) (t—-w(etf—s) * (2.22) 


They are numerically as follows: 
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p=0.8973, q=0.3696, r=—0.2411. 


Considering the form of the eigenvector, we can conclude that the spins I and II lie in 
a plane which is perpendicular to the KiK2-plane and makes a certain angle y with the 
KiKs-plane. In this plane, the x and y components of tee spins I and II are both antiparallel, 
whereas the z-components are parallel. The angle @ with which the spins incline to the 
K:K2-plane and the angle ¢ are evaluated from the relations sin 0=q, cos@sin g=r, as 


@=21°42’ , = —-15°25 . (2.23) 


The experimental value of @ is 16°. Thus the agreement is reasonably good. 
2.3. The Néel point. 


We shall estimate the Néel point in the Weiss approximation. If we at first neglect the 
exchange interaction, the next lowest spin level is separated from the lowest level by 4D, 
which is about 1.1x10-'cm™. This so-called initial splitting is rather large compared with 
the exchange energy. Due to this situation, we have first to calculate the paramagnetic 
susceptibilities in the representation which diagonalizes the anisotropy energy of the one-ion 
type. 

Let (H.* H,* Hz*) and (H,- H,- H:-) be the magnetic fields applied to the sublattices I and 
Il. The induced magnetic moments of the two sublattices, (M,+ M,+ M+) and (M.- M,- M,") 
are then written in the following form: 


> 


M,+* = {(ft sin? a+f¢ cos’ a)H,*-sin a cos a( fe—ft) H+}, 


Myt= 5 fn Hy+* , 


M+ =5-(cesin a cos a( f¢—fe)Hz* +(fe cos? a+ fe sin? w)H.*} . (2.24) 


Here C denotes the Curie constant, M(gy0)2S(S+1)/3k, and 


-By [kT __p—B yy [kT 
fox SL tS STITT 
S(S+1)(2S +1) MM’ Eu—Ewm 
—By/k? _p—B ys [kT 
ay ee MIG MRE 
SSCs eD we Ey Ey 
f= e S e-Ful*?|(MISe|M)I? (2.25) 


SS + 1)(2S + 1) a 


where M denotes the eigenvalues of Se and Eu=D(M*?—S(S+1)/3). Due to the tetragonal 
symmetry in the present case, we have fr=f,. fe, f, and fe tend to unity at high tem- 
peratures, as can be seen in Fig. 7. 

The molecular field (H+ H,+ H.*) are given by 


H* = —q.Mz* —q2Mz* —qsMy* —QiM,* , 
Hy* = —qi’ Mz* —qo Mz* —qs' My? —q' M,* , ) 
H* = —qi’’M.* —qz’’ M.* : 


where qi, G2, Qs; q4, qn, qe’, qs; qe, Gan and qe” denote d, a—2D cos? a, Uu, ih u, ig W, V, Se 
and c—2Dsin’?a of (2.15), multiplied by 2/M(gvo)?, respectively. Substituting (2.26) into (2.24), 


we obtain homogeneous equations for M,*+, My,+ and M.*+. The Néel point can be obtained 
from the condition that these equations are satisfied by non-vanishing M,+, M,*+ and M.*. 
This brings about a secular equation of the sixth order and the Néel point is obtained as 


the highest root of it. It can be shown that the highest root is a solution of the following 


equation: 
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M,* —M,- M,*—My- M.++M 
2T/C+Q—gf (qu—Qs)f qi’ +42" )f" 
(qx —Qu')fn 2T/C+(qv —4s")fn 0 =0, (2.27) 
(q2—qi)f’ (qs—Qs)f" 2T/C+ qi” +42") f” 
where 


f =fesin®’a+fecos’a, : 
ft’ =(fe—ft) sin acosa, (2.28) 
fF’ =ft cos? at+fe sin’ a . 
A calculation using numerical values given in the preceding section, we obtain from (2.27) 
the Néel point to be Tw=0.125°K, which can be compared with the observed value of 0.14°K. 


It is interesting to see the temperature dependence of the orientation of spins. At the 
Néel point, this orientation is obtained from the eigenvector of (2.27) belonging to the root 


T=Tw; we have 


Fig. 7. Temperature dependence of fe and fe. 


8=15°8' , p= —24°48’ , 


Thus, comparing these results with (2.23), we see that @ decreases and |p| increases with 
increasing temperature, though their changes are not very appreciable. 


§3. The case of CoNH.-tutton salt 


Here again we consider dipolar and exchange interactions, but since in this salt the low- 
est Kramers doublet is separated from the next one by 245cm-} ”, we can confine ourselves 
to the lowest Kramers doublet in discussing the ordered state. This Kramers doublet has 
a highly anisotropic g-factor, whose parallel and perpendicular components to the microscopic 
tetragonal axis have been determined to be 6.45 and 3.06, respectively. Due to this ea 
the dipolar and exchange interactions are anisotropically modified in this doublet By ee 
the effective spin operator o of magnitude one half (which is not the Pauli spin opetator) for. la 
corresponding to (2.1) can be written as follows: ad a 


eat), 32 —3 a k i 
FE dip = [0 = Vint = 8 uJ rvipOve—3 py Dy bettie Shy Sv! vidyrn} P (3. 
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(Hexn= p» TMonioux. , (Lex)ia= > Dorion , (3.2) 


where g,, and /j*” are the tensorial g-factor and exchange integral which were estimated in 
«T) (see Table HI). Writing the Hamiltonian for the /-th spin in the form (2.4), we have 


Table II]. The numerical values of J (the common factor —J; or —J2 is omitted) and gay. 


(Gw 
(a, 2) 

(G, k) (i, a)* 

(xa) 8.631 7.528 

(yy) 3.031 3 031 

(22) 5.579 4.475 

(za) | 3.778 0.446 

(xz) | 3.778 —0.446 

| 

911 | ga | 91 | 93 94 
6.45 3.05 5.39 | 4.11 | 1.58 


* We commited a careless mistake in (I). The figures in (I), corresponding to this column, should 
‘be corrected. See Appendix about further details. 


mow non-vanishing coefficients of the following form: 


Au=> Cre =0(SGiz t+ B0Gie) +a ik , 


k 


Av=d CH= po(GigiGiet H8sGu) tai , 


k 


Ais= > Ci = po(G1°Gor— Gas) + 22Jia 5 


Ane ‘pee, =] £1 21G2x + 9324G2z2) +22 ee ’ 


a 


AT —As6== Cc. = ogi g2G vy ’ 


k 
Ales; — > Cee =p ZigeGry ’ 
Ax=>, Ce = po?(24?Giz + g3°Giz)+aJ ix ’ 
k 


Ata C= 
aw 


Au=>) (ees = po*(—£4?Go2 + 83°Gaz) + Z2Jiw 5 


tk 


ANS CS, Cre , 
B k 

Ag SCE AAO 
B i 

Au=% Cx = Ce 

As=2 Ck = porg?Giy tal th , 

Ass= > Cw => Cun: 

Ass=>) Cio = 02g? Gay t20J te ; (3:3) 


@ 


(The matrix Ai is symmetric.) The total energy E is given in the form (2.7), except that 
oni has replaced &i. 
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3.1. The ordered state. 
Now the problem of minimizing F under the condition ple =const. can be solved by 


the same procedure as that in §2. In the present case, tie ‘atthe A can be abbreviated as. 


(3.4) 


<. 

| 

i 

5 
SS OS os 
SUES! Se we 


ha? 


and with the transformation matrix (2.16), (3.4) can be reduced to the following to 3x3: 


submatrices: y 
a+d b—e t+u 
b—e c—f 0 | (3.5a)) 
t+u 0 v+w : 
a—d b+e t—u 
b+e ctf. 0 | (3.5b)) 
t—u 0 v—w 


The numerical values of (3.3) or (3.4) are given in table IV. The eigenvalues of (3.5a) 
and (3.5b) are then obtained respectively from the following cubic equations (in units of 
10-18) 


Table IV. Numerical values of J3v, and the matrix elements of (83.4). (in ergs) 


Aue JM x 1018 J™ x 1018 

seat —14.654 9.871 a= —37.0428x10-8 | f= 10.0786x10-18 

we — 6.413 —0.585 b=— 9.3366 » | t=412.1237 7 

za — 6.413 0.585 c=— 2.9063 » | w=+ 2.2180 7 

ze — 9.471 5.868 d= 50.4874 7 | y=—16.2059 7 

yy — 5.145 3.974 e=— 9.8499 » | w= 19.8833» 
e§+4,1371le? —378.86e —2028.21=0 , (3.6a)) | 

and 

e?+116.45¢2+ 1806.01e —35238.0=0 . (3.6b): 


The lowest eigenvalue is involved in (3.6b) and ¢min=—92.9. The corresponding eigenvector’ 
is therefore given by the same form as (2.21). The components, p, g, and 7 are now evaluat-. 
ed as 


p=0.9681 , G01 355" v= —0.1687 . 
Correspondingly, we obtain the values of @ and ¢, defined in §2, as 
G=l0'4a2 . G=—9°53 = (3.7) 


This result for @ is somewhat far from the measured value, 0=24°. However, as in the 
case of Mn-salt, an interesting theoretical prediction is that the plane containing the spins 
I and II makes an angle ¢ with the K:iKs-plane. This is not yet confirmed experimentally 

The numerical values in table IV have been evaluated by using the results obtained in D) 
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(see also Appendix). In there we estimated the values of Ji (=0.0123k) and Jz (=—0.00952) 
from the Weiss constants 0; (i=1, 2, 3) measured by Garrett, and these constants are in- 
cluded as common factors in J, JM. Values of Ga and Gy) (r=1, 2) in table I, which 
are also included in the matrix elements of (3.4), were calculated by the direct sum method 
taking the lattice points in a spherical region. Although we have confidence in our esti- 
mates of ji and J2, U. Kh. Kopvillem, in his calculation of the spin-spin relaxation time of 
the Co-tutton salt, has recently reported that he obtained the values Ji/kR=0.017, Jo/R=— 
0.0104 after correcting for an arithmetical error in (I). The point of his correction may be 
in our careless mistake which is corrected in Appendix. When his results are used, the 
eigenvector for the lowest eigenvalue is again given by (2.21), but (3.7) becomes 


0=12°26' , p=—8°10' , 


and rather high value of Ty=0.201°K is obtained (c.f. the result of the next paragraph). 


3.2. The anisotropic molecular field and the Néel point. 
In this subsection we shall evaluate the Néel point of CoNH.-tutton salt. The anisotropic 
interaction of the /-th spin of the + sublattice with the surroundings can be written 


SC cide (3.8) 


m why 


Replacing omy by their thermal average values, this becomes 
>) Gy oot + Se Cry Cin >y ; (3.9) 
BY by 


where Guy and Cyy are 
ly Oe Ce Cy ae (3.10) 
the summations being taken over the + and — sublattices, respectively. 


The Néel point can be determined in a similar way to that in the case of Mn-salt. Ex- 
panding the Boltzmann factor 


exp IE = { = Quy Cin <ayt» av ae py Cy Cin {dy Av \ 


in powers of 1/kT and taking the linear term, we have 


Sto FU 
Der 
p=; y and z 


(Opu*) 40= — 


Sy {Ayx(ov*> a0 te Cuv< dy) av} 
; (3.11) 


where S’ is the spin quantum number of the fictitious spin (S’=1/2). In the same way, we 
have 


Ge s= © Len6ovt art aurkov- das} 


f=i=9 2 ONd,2. 


(3.12) 


Equations (3.11) and (3.12) are homogeneous with respect to <oz*>, <oy*> and <o.*>, and 
the non-zero solution appears at a temperature where the determinant composed of the coef- 
ficients vanishes. As is easily seen, the roots of the secular equation thus obtained, 3k7/S’ 
-(S’+1), are equal to the eigenvalues of (3.4) reversed in sign. The Néel point, Tw, can 
then be determined from the lowest eigenvalue of (3.4), as 


3kT x 


= (3.13) 
S'S’ +1) 


—E€min - 
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So we obtain Ty=0.168°K, which can be compared with the experimental value of Txv= 
0.084°K. It may be noted that the ‘eigenvector’ belonging to this lowest root is the same: 
as that which belongs to the lowest eigenvalue of (3.4) and, accordingly, the orientation of 
the sublattice spins is independent of temperature up to the Néel point. This situation is. 
different from that which we observed in Mn-salt, where the anisotropy energy of the one- 
ion type is effective in determining the spin orientation and thus theoretically the spin. 
orientation has to depend on temperature. 


§4. The susceptibility 

As shown by the experiments of Garrett and Miedema et al., CoNH.- and MnNH.-tutton. 
salts have antiferromagnetic susceptibility along the Ki-axis below the Néel point (0.084°K 
and 0.14°K, respectively). Along the Ks-axis they have the largest susceptibility in weak 
field, caused possibly by transformation of domains, but above about 150 Oe they show a 
ferromagnetic saturation magnetization and at the same time a perpendicular susceptibility. 
In this section, we shall discuss quantitatively these susceptibilities. 

As before, we shall use the Weiss molecular field approximation, but our treatment will 
be confined to 0°K and Ty. 

4.1. Susceptibilities at 0°K. 

We shall calculate the susceptibilities at 0°K in the classical way. Let us denote the 
direction cosines of the spins belonging to sublattice I by (6, 7, Co) in the absence of 
magnetic field. The direction cosines of the spins belonging to sublattice II can be denoted. 
by (—&, —7, Co). In the presence of a magnetic field, however, the direction cosines of 
these sublattice spins will be denoted as (€, 7, €) and (€’, 7’, ¢’), respectively. If the polar 
and azimuthal angles corresponding to (0, 7, Co.) and (€, 7, €) are 2/2—@. and x/2—(@o+ 4) 
and ¢o+9, respectively, we have 


€=cos (60+ 9) cos (got ¢) , 
N=COS (80+) sin (Yo+¢) , (4.la) 
€=sin (904+4) , 

and 
E’= —cos (00 +0’) cos (got ¢’) , 
7’ = —COS (80+ 6’) sin (Yo+ ¢’) , (4. 1b} 
¢/=sin (00+0’) . 


We expand (4.la) in powers of @ and ¢ and have 


wa it Elo Nobo 
6,4 Pe (oe) ee 
; ffl 2 | +9} Vinee Cae 
il noCo F0G0 
=noi 1— — (62+ @? f= 9+ &)9 —— 2 
” mo 2 ( ot Vite + €op Wits Og , 
6 =6(1— 5 )+ Vea ih (4.2) 


Similar expressions for £’, 7’ and ¢’ are obtained from (4.1b). If we substitute these ex- 
pressions into the energy expression (2.7), terms linear with respect to 0, 9, 0’, and g’ will 
be seen to vanish, because (£0, 70, Co) and (—év, —o, o) represent the stable spin orientations 
in the absence of magnetic field. Therefore, the energy up to quadratic terms can be 
written as 


2 
es) {Ext A(G?+0) + Bly? +97) 


+C(O9+0'9') + F09' + 09) + HOW + Ipg’} , (4.3) | 
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Here » denotes oS and A, B,--- etc. are given by 


2r2 
A= Aul —E&,? |-4austete oe 2A ee ton | 
+ As2(1—2E02) + As| —Ho* | Aisbot— Aodte 
AG 


+ Aseyo?+ AreSono+ Ass&oxo0—ArsEoCot+ Azséoto , 


B= A11(no? —&0?) — A 12060 —4 A 1sE0n0 + Ass(£o? —70?) 
+ A1s&0? + Asoo? + A1efox0+ AssEo%o— ArsEo€o , 


= EonoSo Hobo? rate Co 
C= 4 5b es le 12 = 0 0 a os 
V1—O. (Au—Ass)+2A EE Fa MEAP [+44 Vit (no? —E02) 


2 
ta Ae 2 It {Asbo Asbo+ Auto Auta}, 


My Some C . 
F=2 ine Ae =F Asse) +2 (Auebo — Asso?) 


ae 2A2mV 1 —Co%, 


2 
H= —2 i os A {A1s€o2? + Asoo? + A16€0%0 + Ass€o%0} 
—Co 


+2 Acs(1—C0?) —2( Ara— As €00o , 
T= —2( Aso? + Ase€o?) +2(Ars+ Ass )Eono , (4.4) 


in which Ai;’s are defined by (2.9a), (2.9b) or (3.3). The magnetic moment along each co- 
ordinate axis can be expressed in the following form: 


Mea Neale +8) +a6—©) 
week Eo€o V5 Me Hee 2. 
= + Nel ef ee (0-8) +l’ — 0) 
4+ei/1 Ce 0—0)| (4.5a) 
1 ; 
My=—~ Nugent’) 
20's . Co%0 ay oe of 4.5b 
5 Niel es (0-0) +E(p —9’) , (4.5b) 


Ma Nele(C+0) +ge—€’)} 


= Ny(gslot+gsFo) + + Ne [ ever 940" 


g | AS O+9)+ nook], (4.5¢) 
where we neglected higher order terms with respect to 60, 0’, eg and yg’. The first term in 
the right-hand side of (4.5c) gives a ferromagnetic component along the Ks-axis. The lowest 
spin orientation in the presence of a magnetic field Ho can be obtained by minimizing E— 
MA) with respect to 0, 9, 0 and g’. Then, we can write the magnetic moment by sub- 
stituting 0, y, 0’ and ¢’ with those which correspond to the lowest spin orientation, and so 
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obtain the susceptibility y:. Let us discuss separately the case of Mn-salt and that of Co-salt. 


Mn.-tutton salt. 
In this case, gi=22=gs=g and gs=0. The minimization of E—M,yHo leads to 


6+0°=0, y+g’=0, (4.6) 


and we have 


rail 
9=—6'=—— agF: , p= -v'=Saghh, (4.7) 


vn /BY. us 


F. (Cono/V 1—Co? (2B—1) + £0(C—F) 
fe WeQi= FORA Nacery ji 

Fy, — SCAM) + (p06o/ V1 Lo? (C—F) 
: QA=MOB=) C=Fy 


where 


and 


(4.9) 


The susceptibility along the y-axis, %2, can therefore be written as 


= 2N (gp}'| GHP, +5oF| (4.10) 


if we substitute (4.7) into (4.5b). 


Let us next calculate %:. Since g1=0 in Mn-tutton salt, we have a solution of the type 
(4.6), with 6 and @ given by 


0=—0'=——aghy’ , Cee —<agFY , (4.11) 
where 


py — bobo V1 =Ge* )(2B-1) ~90(C —F) 
(2A—H)\(2B—I)—(C-Fy 

Fy —2CAp-A) = (Eobo/V1—E0? (C—F) 
(2A—H)\(2B-I)—-(C-FY 


(4.12) 


So we have 


L= 2Ngm)'| Fa wed mk | A (4.13) 
= 


Finally, to find x; in the presence of a magnetic field along the z-axis, we note that there 
is a solution 


0=0', g=¢', (4.14) 
with 


1 /f tA 
d= eek ; o=—agh . (4.15) 
where 
vr OBL DV IRE 
(2A+H)2B+IND—(C+F) ’ 


” (C+P)V1—602 
fy! = > SSE eae ee 
(2A+H)(2B+1)—-(C+F)? ° (4-16) 
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The susceptibility is thus written as 


X= 2N( gp)? Fi’ V1 —Co2- ; 


The numerical values of these susceptibili- 
ties for Mn-tutton salt are given in the 
following list: 


| (comp.) (obs.) 
| rss Uf Bock: 
26) 4 13.804 11.64 
Xs | 13.067 14.97 


It is seen that the theoretical and experi- 
mental values agree reasonably well. 


Co-tutton salt 
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(4.17) 


The calculations can be proceeded in para- 
llel with the case of Mn-tutton salt, though 
there is a difference in that the g-factor is 
anisotropic in the present case. Especially, 
a complication arises from the appearance in 
(4.5) of gs, namely the xz-component of the 
g-tensor. 

The susceptibility %2 is given by the same 
expression as (4.10), except that g is replac- 
ed by g. 

To find %:, we notice that the minimizing 
conditions of E—M,H lead to 


[es ~<a gFY — gF 


g=—Y’= ~<a guP’ — uF} : (4.18) 
where 

R*= QB—DY 1—C0? 

2 OAR TOR) Oke 
pr CS ae (4.19) 
(2A—H)(2B—I)—(C—F)? F 
whence we get 
x1 = 2N pat {i FY =P nF 
+ geV/T at F* 2g Tet rv é (4.20) 


Similarly, the minimizing conditions in the presence of magnetic field along the z-axis are 
written as 


SS 


0’ =F ago" —g.F,/*} 4 


p= 9 =a gP — uF") ; (4.21) 
where 
F pe Fobo/V 1—Co? (2B+1) — no(C + F) 
2 CALORIC Try)? 
pyr M2A+H) —Eobol V7 L560 KC) (4,92) 
(2A+H)2B+1D—(C+F) 
So we get 
Xs =2NpotfgstV/1—Ge Fit ge Seg ht oR ) 
(4.23) 


— 2g3g1V/ 1 — Co? Bie \ c 
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The estimated numerical values of these x 4.2. The principal axes of the susceptibility 
are listed and compared with the experi- tensor at 0°K. 
mental values as follows: 


: Mn-tutton salt. 
(comp.) (obs.) It should be noted here that all the Ki, Ke 
a ts a raas and K:;-axes are not the principal axes of the 


| 
ial | 
| 
xian 4.593 | 708 (5.82%) 
| | 


O:6570 pag limaeds, susceptibility tensor. Let us inquire into this 
situation for Mn-salt. In the below, we shall 
Xs Uo 7.48 


. denote %, %2 and % by Y%ez, %yw and %xz, re- 
* These values are due to Miedema’s remeasure- spectively. In this new notation, %2, which 


ments'8). He finds that x, is much smaller than is equal to %yz, is written 
that given by Garrett. 


¢ : 
ay=2N\ gpn)*( ee Fi ml) , (4.24) 
when we substitute (4.7) into (4.5a). In Mn-salt, gs=0 and hence the magnetic field along 
the x- and y-axes can only induce the spin rotation of the type 6=—6’ and g=—g’, which 
cannot produce any component of the magnetic moment along the z-axis, as can be seen in 
(4.5). Accordingly, we have %yz=%2=0. The susceptibility tensor of Mn-salt is thus obtain- 
ed as 


Xyx Lyy 0 | (4.25) 
0 0 Xzz }) 


The principal values and axes of the %-tensor are given as 


% (cos ¢, sind, 0), % (—sin ¢, cos ¢, 0), Faire (O, W),. 1D) (4.26) 
where 


( ; )= + (hea Ry), Cas tay) aaa hs 
Xi y, 


2Xey 


Xen —Xyy 


tan 2¢= ; (4.27) 
and the direction cosines of the axes are referred to the Ki, Ke and Ks3-axes. 

With the assumed values of parameters we can estimate 2: to be +2.859, whence we 
have %7=1.512, %=14.469, x1=13.067 and ¢=—13°6’. 

The above principal axes are concerned with the susceptibility tensor of the single domain 
crystal. In actuality, the zero field susceptibility measures the susceptibility of a multi- 
domain crystal; the crystal may be composed of two types of domain, one being derived 
from the other by reversing the spin direction. The z-tensor should be invariant with re- 
spect to this reversal because of the property of the tensor being of the second rank, and 
hence (4.26) and (4.27) should also give the %-tensor for multi-domain crystal. 

Co-tutton salt. 

The y-tensor for Co-salt may be obtained in a similar way, though the situation is a little 

more complicated than that for Mn-salt because gi#0. However, as can be seen easily by 


substituting (4.18) and (4.21) into (4.5), %yz and 2%: vanish also in this case. If we substitute 
(4.7) into (4.5a) we have 


Xey= 2Niwtga} (jenn —10Fs) 4 VTE \ F (4.28) 


The principal values and axes of the y-tensor are given in the same form as (4.26) and 
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(4.27). With the assumed numerical values, we can estimate % to be +1.354, whence we 
have %;=0.237, %1=5.014, %m1=7.131 and ¢=—17°16’. 

4.3. Susceptibility at and above the Néel point. 

Mn-tutton salt. 

The paramagnetic susceptibility of Mn-salt obeys the Curie-Weiss law at rather high tem- 
peratures, but this is not the case near the Néel temperature where the 1/T-expansion of 
the one-ion type energy breaks down. We shall derive a more accurate expression than be- 
fore for the paramagnetic susceptibility on the basis of the molecular field approximation. 
The magnetic moments of the two sublattices are given by (2.24), in which H,*, Hy+ and 
H.* are given by the same expression as (2.26), except that the external magnetic field, Hz, 
Hy, and H-., should now be added to the molecular field (2.26). The magnetic moment in- 
duced by the external magnetic field can be obtained by solving a set of inhomogeneous 
equations (2.24). After a somewhat troublesome calculation, we get 


es 1 
mi oe 5 Cf(qi +42) 
2Tf(qil’ —Qe!’ {2T + Chn(gs’ +a} +C ffl f° — fqn’ +42") 
Cc *(qu’’ —Qe!’)(qa-+qs) +2CTF?fn(gi’ +q2’)(qs+qu) 
2 {2T +Chilgs!’ + qs’) AAT —CUF" —f")(qu"’ —q2!’) 
ie es 1 ene 
“igs 7 5 Chilgs! +44!) 


aN i , (Cf’)*(qu’’ —qz!’) + Cf {2T —Cf""(qu’’ —q2!’) 
BR r= CFG a OT CRAG ) 
+(CH)?(Qi +42)(q1"” —Ga"’) 
ieee 


il 
4 "Gs aH epi 


2 {2T—Chn(gs’ —qs’) 12h’ T —CUF”’ —F)(a — a) | 


C Tf Pqi—qz) +2T Chaff (qu! —G2’)(Ga—qa) — (Gi —G2)(Qa’ —Qs’)} ) 
+C*fa( t’? —ft/)(qr’ —Gn’)(Ga—4s) 


Catt a) 
COT Cher de). 
Nye) e rm) . (4.29) 
The paramagnetic susceptibilities along the ~ eres es 
Ki, Kz. and Ks-axes have been calculated z 2 F 
with the assumed values of fi: and j2, and Xeew (X1) 61.2 20.8 
the results are plotted in Fig. 8a. Numerical Xyy (Xe) | S205 15.0 
values of the y-tensor at the theoretical Néel Xzz (Xa) | 00 | 52.4 
temperature (0.125°K) are given below with i —23.8 ; 
the measured values at the observed Néel ~— a? ine Agua alot ae 
temperature. From these results, the principal values 


and axes of the y-tensor are found to be 


wu =74.64 , ( cos¢, sing, 0), 
%1 =19.06 , (—sin ¢, cos ¢, 0) , 
Am=° , a0; OS seme cl) 


6 = —29°27' i (4.30) 
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Comparing the principal axes of the z-tensor at the Néel temperature, (4.30), with those at 
0°K, (4.26), it is predicted that the principal axes of x depend on temperature, though de- 
tailed numerical values will be more or less different in actual case. To confirm this pre- 
diction, measurements of the angular dependence of the zero-field susceptibility may be 
useful. 

At temperatures well above the Néel point, the paramagnetic susceptibility obeys the 
Curie-Weiss law with anisotropic Curie and Weiss constants. Expanding f/f, f, and fg of 
(2.25) in powers of 1/T, we have ’ 


f=h=lty (28 —1)(28 +3) 77 
(4.31) 


aot Leo gas we 
fr=1—e @S— QS + 3) Fe 


100 


30 


° 

0.1 Tu 0.2 0.3 04 

; —~ T(°K) ; 
Fig. 8a. The (isothermal) paramagnetic susceptibilities along K,, Kz and K3-axes. (Mn-tutton salt) 


If we substitute these expressions into (4.29) and discard higher order terms with respect to 
1/T, the following Curie-Weiss law can be proved: 


%=C/(T—Oi) , 
6,= SED (usta (Gret Gus) —8]2 —4 Ji} 


D 
af 308 (2S —1)(2S + 3)(sin? a—2 cos? a) , 


oS 
6.= SS) (uutg(Gi+ Gis) -8fs—4f} 


D 
F app > eS +3) ) 


S(S+1 
C= SSE) (ystg (Curt Gn) 8 aed’ 


Zl 


30k (2S —1)(2S +3)(—2 sin? a+cos? a) . (4.32) 


-- 
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Here %1, %z and %s refer respectively to the Ki, K: and Ks-axes which coincide with the 
principal axes of the y-tensor in the temperature region considered. Estimates of 0:1, 92 and 
Oz are 0.0492, —0.0278 and —0.0312, respectively. 

Co-tutton salt. 


The paramagnetic susceptibility for Co-salt can be obtained from (3.11) and (Gl), oe 
external magnetic field now being included. Details of the calculation will not be reproduc 
ed here, but the result obtained are as follows: 


Npo?C’ 
hee = [2i'{T+C'(vt- w) HT +C(e—-f)} 
t ge{T+C’(a+d)HT+C'(v+w)} 
—2g1giC"(b—e T+C"(v+w)}—(eaC*t+u)"] , 
N: 2C/ 2 
ay =P T+ CCP HT +C"(at+-d)}-C*—e)4] 
277 
Lez =Tnee [gs°{T+C’(a—d)}{T+C'(v—w)} 
ae COW) Clery} 
—2g3g1C’(b+e){T+C'(v—w)}—( gsC’)*(t —u)?] , 
/\2 
ay = Mee elt + wl +CXe— Preece el. 
I I eA) ) 
where 
a= SS Lok 
4={T+C'(at+d)H{T+C'(vt+w)HT+C(c—-f)} 
—C”(t+u)y{T+C'(e—f)} —C”(6-eP{T+C'(v+w)} , 
A*={T+C'(a—d)}{T+C'(v—w)}{T+C'(c+f)} 
—C"¢—u)y{T+C'(c+f)} —C7(b+e)?{T+C'(v—w)} . (4.33) 
The results of computation are plotted in Mims , ( ©, OS aby, 
Fig. 8b. The calculated numerical values of 6=+6°27' , (4.34) 


the y-tensor at the theoretical Néel tempera- 
ture (0.168°K) are also given below, together 
with the measured values at the observed 
Néel temperature (0.084°K). 


which may be compared with the correspond- 
ing quantities at 0°K (x%;=0.237, %1=5.014, 

%1=7.131 and ¢=—17°16’) 
As in the case of Mn-salt, the principal 
(comp.) (obs.) axes of the y-tensor depend on temperature. 
‘ ——~ At high temperatures where the principal 


Kew (X1) | oe a2 axes of y-tensor coincide with Ki, Ke and 
Koy (%2) Be | bisls® Ks-axes, the susceptibility obeys the Curie- 
Kez (Xs) cm | ae Weiss law. (See Appendix about the aniso- 


Kay 1.25 tropic Curie-Weiss constants of Co-salt in this. 
temperature region.) 


The principal values and axes of the y-tensor 
at the Néel point follow from these results ¢§5, Conclusion and Summary 


to be We have made an attempt to explain the 


% =16.14, ( cos¢, sing, 0), experimental results of Miedema ef al. on 
% = 4.94, (—sin¢, cos¢, 0), MnNH.:- and CoNH.-tutton salts at very low 
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temperatures, extending the theory developed 
in (I) and making some results of it. A 
satisfactory quantitative explanation was 
given. In the crystals of these salts, the 
dipolar interaction acts ferromagnetically 
along the Ki- and K:-directions between ions 
of the same kind and antiferromagnetically 
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between ions of the two different kinds, 7.e., 
those on crystallographically different posi- 
tions. Along the K3-direction it acts ferro- 
magnetically between ions of different kinds 
and antiferromagnetically between ions of 
the same kind. 

In the case of MnNH.-tutton salt, the di- 


—E 


TK 7 


Fig. 8b. The (isothermal) paramagnetic susceptibilities along K,, Kz and Ks-axes. (Co-tutton salt) 


polar and exchange interactions give rise 
only to an antiferromagnetic arrangement in 
the K:kK:2-plane. The essential mechanism 
that yields a parasitic ferromagnetism arises 
from the one-ion type energy, 7.e., the an- 
isotropy energy due to the crystalline field 
acting on each ion. This energy tilts each 
spin toward the relevant microscopic tetra- 
gonal axis. Since the crystalline fields for 
ions of the two different kinds are in mirror 
images with respect to the ac- (or Kik:-) 
plane, a ferromagnetic component perpendi- 
cular to this plane results. 

In the case of CoNH:-tutton salt, the com- 
bined dipolar and exchange interaction acts 
ferromagnetically along the Ks-direction 
between ions of both the same kind and 
different kinds. In this case the lowest 
Kramers doublet is highly anisotropic, in 
which the parallel component of the g-factor 
to the microscopic tetragonal axis, 6.45, is 


about twice as large as the perpendicular 
component, 3.05. Due to this high anisotropy, 
both the dipolar and exchange interactions 
become highly anisotropic and the spins are 
thus tilted again toward the microscopic 
tetragonal axes. 

Some points of our results will be noted in 
the following. 

1) The spin directions for the lowest 
energy state lie within a plane which inclines 
to the K:Ks-plane with an angle ¢. Esti- 
mates of » are —15°2’ and —9°53’ for Mn- 
and Co-salt, respectively. This inclination 
comes from an interplay of dipolar interac- 
tion and crystal structure of low symmetry. 
However, we have so far no experimental 
evidence revealing this feature. 

2) Estimates of 0, the angle with which 
the spins incline to the K.iK>2-plane, are 
21°42’ and 10°42’ for Mn- and Co-salt, respec- 
tively. The corresponding quantities have 
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been measured to be 16° and 24°, respective- 
ly. It may be noted that the value of @=24° 
for Co- salt cannot be claimed to be accurate. 
Miedema et al. estimated it in such a way 
that N¢vu>sin@ is equal to the measured 
value of the ferromagnetic component assum 
ing <4>, the magnetic component along the 
microscopic tetragonal axis, to be 3.1 po. 
However, this way of estimation will be un- 
reliable if the spins deviate far from the 
tetragonal axes. According to (4.5c) with 
=poS, the ferromagnetic component parallel 
to the Ks-axis is given by | 


My= > Nyo(Zs Sin 00+ 2% COS Ao COS Yo). 


Hence the correct orientation of spin may be 
determined from 


= (es Sin 00+ 8% COS Mo COS Yo) =3.1 sin 24° , 


which includes ¢ as well as @. Our estimate, 
@=10°42’ and ~=—9°53’ gives 1.15 for the 
left-hand side of the above equation, which 
may be compared with 3.1 sin 24°=1.26. 

3) Due to the complication of the calcula- 
tion, the temperature dependence of the 
ferro- and sublattice magnetizations has not 
been studied. Only the spin pattern at the 
Néel point has been studied and compared 
with that at 0°K. It may be pointed out 
that the spin orientation in Co-salt remains 
practically invariable with temperature while 
that of Mn-salt does not. This difference 
comes from the fact that the spin orientation 
in the former salt depends only on the inter- 
ionic interactions while that in the latter 
salt it depends on the one-ion type energy. 
The predicted values of 0 and y for Mn-salt 
at the Néel point are 15°8’ and —24°48’, 
respectively, and hence we see that # decreases 
and |g| increases with increasing tempera- 
ture, though their temperature dependence 
is not appreciable. 

4) Estimate of the Néel point is 0.125°K 
for Mn-salt and 0.168°K for Co-salt, which 
may be compared with the measured values 
0.14°K (Mn-salt) and 0.084°K (Co-salt). The 
estimate for Co-salt is larger than the 
measured value by a factor of 2and that for 
Mn-salt is a little smaller than the measur- 
ed value. This disagreement is partly due 
to an ambiguity in the estimates of the ex- 
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change integrals (especially for Mn-salt) and 
partly due to the molecular field approxi- 
mation. 

5) The magnetic susceptibility at 0°K and 
at the Néel point have been calculated. The 
principal axes of the susceptibility tensor do 
not coincide with the Ki, Kz and Ks3-axes. 
Further, they depend on temperature. These 
features could be confirmed by measuring 
the angular dependence of the susceptibility. 
Our magnetic susceptibility at the Néel point 
concerns the isothermal susceptibility but 
not the adiabatic susceptibility. The dif- 
ference between these two kinds of suscep- 
tibilities disappears at the temperature of 
O°K but may be appreciable at the Néel 
point. The adiabatic susceptibility is of 
course smaller than the isothermal one, and 
hence the adiabatic susceptibility along the 
Ks-axis may be finite at the Néel point, 
though the isothermal susceptibility along the 
same axis should be infinite. Any discus- 
sion about this point is not given in the 
present paper. 
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Appendix 

In this appendix, we should like to correct 
erroneous results in (I) due to a careless mis- 
take. In (16) of (1), sinacosa@ should be read 
sin 2a, and hence /, in (18) should be multi- 
plied by a factor 2. The second column in 
Table I should then be revised as in Table III 
of this paper. Table IV should be read: 


calk 


A aa X 102 balk | 
ao) Dis oss |) 5.21 6.82 

9 MVR ITEO 350 1.52 3.03 

3 | +0.503 4.25 2.64 


Due to this situation, the numerical values 
of J: and jz to be fitted to the observed 
Weiss constants should be revised. In place 
of Table V in (I), we have: 


2162 
exp. theoret. 
O; —0.021°K —0.0207 
O2 —0.007 —0.0067 
O03 +0.032 +0.0322 
Ji/k +0.0123 
Jofk —0.0095 


In this table, the experimental Weiss con- 
stants are obtained from the slope of curves 
in Garrett’s Fig. 4... The values are different 
from those given by Garrett, which we had 
used in (I. We failed to fit J: and /2 to the 
Garrett’s Weiss constants so as to get reason- 
able magnitude of magnetic specific heat, 
basing on the anisotropic exchange inter- 
action revised. However, Garrett’s data do not 
seem to be unreasonable for adopting the 
values given in the above table as experi- 
mental Weiss constants. Eq. (47) in (J) 
should be read 


(CoT?/R)dip-ex = —10-22-1(2.16 J, —0.07 J2) - 
Table VIII should now be read: 


dip-dip 17.8 
theoret. 38.3 dip-ex — 2.7 
ex-ex DIB Pe 

exp. 2, 
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A sharp maximum of permeabilities has been found in the narrow 
concentration range of about 12 percent aluminium in the slow cooled 
iron-aluminium alloys. It is found, however, that the permeabilities of 
this alloy are decreased and its coercive force is increased by the reheat- 
treatment at temperatures between 400° and 650°C, followed by slow 
cooling. For example, after reheating the alloy to 550°C jm was decreased 
from 23,500 to 4,800, uo from 1,600 to 1,000 and H, was increased from 
0.09 to 0.37 Oe. Since such a reheating effect was not found in the other 
concentration of iron-aluminium alloys, it is concluded that the phenome- 
non is due to something characteristic of 12 percent aluminium-iron alloy, 
that is the growth of a small quantity of precipitation or the short range 


order, which would result in an increase of internal strain. 


Introduction 


§1. 
Investigations on magnetic properties of 
iron-aluminium alloys had been limited into 
a low concentration of aluminium, until 
Masumoto and Sait6" discovered the existence 
of the composition range of the alloy showing 
high permeability. This alloy has a high 
concentration of aluminium and is named 
Alperm. Nachman and Buehler?) found a 
method of working this alloy into sheets. 
Stimulated by these results many investiga- 
tions on the magnetic properties of the alloy 
have been carried out. At the same time 
many studies of magnetic properties in con- 
nection with the superlattice existing in this 
alloy have been made. Recently Arrott and 
Sato?) found that the alloys between 15.8 
percent (28 atomic percent) and 19.2 percent 
(33 atomic percent) aluminium are ferromag- 
netic at room temperature but show a tran- 
sition to antiferromagnetism at low tempera- 
ture. They found that the antiferromagne- 
tism exists only in the ordered structures. 
High permeabilities are observed in the 
comparatively narrow concentration range 
between 11.5 and 12.9 percent aluminium only 
when they are melted in vacuum, hydrogen 
gas or innert gas. The investigation of mag- 
netic properties of the alloy containing about 
12 percent aluminium has been carried out 
by Nachman and Buehler‘), and the author®). 
This high permeability alloy is named Alfenol 
12 in America, Hipermal in Japan. It is 
known that the magnetocrystalline anisotropy 


constant Ki is zero at the concentrations 
near 12 and 16 percent aluminium for slow 
cooled alloys®.”. The high permeability of 
the alloy containing about 12 percent alumini- 
um is obtained only in a very narrow con- 
centration range and the high permeability is 
not obtained for the alloy quenched in water 
from high temperatures in contrast to the 
alloy containing about 16 percent aluminium. 
These experimental facts suggest that we 
must attribute the origin of the high perme- 
ability to some characteristic of the alloy 
near the concentration of about 12 percent 
aluminium. 

In order to study the cause for its high 
permeability the author investigated variation 
of the magnetic properties of the alloy con- 
taining 12 percent aluminium caused by heat 
treatment. 


§ 2. Specimen and Experimental Methods 


The specimen is the one that was used in 
the previous experiment®) containing 12.12 
percent aluminium and of the size: 27 mm in 
outer diameter, 19mm in inner diameter, and 
0.8mm in thickness. 

The specimen was at first annealed at 
1000°C for 1 hour and then furnace cooled in 
vacuum. Subsequently various heat treat- 
ments were carried out in a non-inductive 
electric furnace after heating at 800°C for 
30 minutes. In the case of reheat-treatment 
the specimen was heated to the desired tem- 
peratures at the rate of about 300°C per hour, 
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held for 5 minutes and then cooled. The 
cooling rate is always about 150°C per hour. 

The measurement of magnetization of the 
specimen was made at room temperature by 
a recording flux meter after demagnetized 
with A.C. field. 


§ 3. Experimental Results 

First the specimen was cooled from 800°C 
to temperature ZY and quenched in water. 
The results of the measurement of the initial 
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and coercive force as a function of reheating 
temperature. 


permeability ~o, the maximum permeability 
Ym, and the coercive force He (Bn=10,000 G) 
are shown in Fig. 1 as a function of the 
quenching temperature T. By quenching 
from temperatures over 350°C po and pm were 
decreased, and H- was increased. Such an 
abrupt change in magnetic properties has not 
been observed by the previous investigators”, 
who used the specimen which was melted in 
air, instead of melting in a high vacuum as 
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in the present case. 

Next the specimen was cooled from 800°C 
to room temperature, reheated to temperature 
T below 700°C, held for 5 minutes and cooled 
to room temperature. The results of the 
measurement of #0, Ym and He are shown in 
Fig. 2 as a function of the reheating temper- 
ature T. There is-a striking decrease in /o 
and #m, and an increase in He between 400°C 
and 620°C, the effect of which is maximum 
at, 550°C: 

Fig. 3 shows the comparison of, the mag- 
netization curves and the hysteresis loops 
between the specimens reheated at 450°, 550° 
or 620°C, and the one without reheating. 
From the figure it is understood that the 
curves are most influenced by the reheating 
to, 550°C, 

Then the specimen was cooled from 800°C 
to a temperature T below 550°C and then 
reheated to 550°C. Fig. 4 shows the results 
of measurement of #0, #m and He as a func- 
tion of the temperature 7. From the figure 
it is recognized that um and H- are mostly 
influenced by the heat treatment when T< 
500s: 


$4. Considerations 


The reheating effect on fo, fm and He as 
seen in Fig. 2 is not observed for the alloy 
containing aluminium 10.20, 11.18, 13.28, 14.09 
and 16.05 percent, respectively. Accordingly, 
it is supposed the reheating effect is charac- 
teristic of the alloy containing about 12 per- 
cent aluminium. 

The changes in physical properties by 
quenching from high temperatures such as 
specific resistance”:®), lattice constant®:1.11), 
mechanical hardness*) and tensile strength’ 
are observed for the alloys containing more 
than 10 percent aluminium. The amount of 
change, however, is very small and shows 
no anomaly at 12 percent aluminium. The 
change in specific heat of iron-aluminium 
alloys with temperatures was measured by 
Saitd'?, who supposed the small abnormal 
change observed at high temperatures at the 
concentration range of 5-13 percent aluminium 
corresponding to the transformation of super- 
lattice FeisAls. The change is not character- 
istic of the alloy containing about 12 percent 
aluminium only. 

From the measurement of the change in 
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thermal expansion as a function of temper- 
ature, McQueen and Kuzynski" reported that 
the order-disorder transformation temperature 
is about 520°C for FesAl (13.9 percent alu- 
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Fig. 3. Magnetization curves and hysteresis loops before and after reheating. 
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minium) and decreases with the decrease of 
aluminium content, being 470°C at 12 persent 
aluminium and 360°C at 10.7 percent alu- 
Minium. 


Recently Lihl and Stickler‘®) found 
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The temperatures 


by means of a differential thermal analysis 
that the short range order develops in the 
concentration range of 4-12 percent alumi- 
nium. In both cases, however, any change 
characteristic of the alloy containing 12 per- 
cent aluminium was not found. 

The powders of the alloy pulverized by 
filing that were heat treated as previously, 
were used for X-ray analysis. Any phase 
change was not detected after reheating. 

This result of X-ray analysis indicated that 
the change of magnetic properties by reheat- 
ing is not owing to an ordinary phase change. 
Order-disorder transformation generally occurs 
reversibly and is not able to cause such a 
change of magnetic properties by reheating. 
Besides it is obvious that the reheating effect 
has no relation to such hysteresis phenomenon 
as the a-7 transformation of iron-nickel alloy. 


2166 


Therefore, as a result of the consideration 
mentioned above, the reheating effect should 
be interpreted as follows: the growth of a 
small quantity of precipitation or the short 
range order, the amount of which is too 
small to be detected by X-ray analysis etc., 
results in an increase of internal strain in- 
fluencing remarkably the magnetic properties. 

Previously the author'® reported that (0 
and #m are decreased and Hz is increased 
after cooling in a magnetic field from 550°C 
only for the alloy containing 12.12 percent 
aluminium of iron-aluminium alloys. It turns 
out, however, that this result is not due to 
the effect of magnetic heat treatment, but 
simply due to the reheat-treatment. 


§5. Summary 

The slow cooled iron-aluminium alloy con- 
taining about 12 percent aluminium shows 
high permeability. It was found, however, 
that the permeabilities are decreased and the 
coercive force is increased, remarkably by 
the reheat-treatment at temperatures between 
400° and 650°C, followed by slow cooling. 
Since this reheating effect has not been found 
in the other concentration of aluminium, it 
is concluded that the phenomenon is charac- 
teristic of the alloy containing 12 percent 
aluminium. By X-ray analysis any phase 
change of the alloy was not detected after 
the reheat-treatment. Consequently, it is 
supposed that the remarkable decrease of 
permeabilities and the striking increase of 
coercive force are caused by the increase of 
internal strain that is arisen by the growth 
of a small quantity of precipitation or the 
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short range order during reheating. 

In conclusion the author wishes to express 
his hearty thanks to Dr. Y. Shichij6, the 
chief of the magnetic research section of the 
Electrical Communication Laboratory, for his 
encouragement throughout the work. 
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Effect of Quenched-in Vacancies on the Weak 
Magnetization of Nickel 


By Yoji NAKAMURA 
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The change in magnetization in weak magnetic field of nickel quenched 
from high temperatures was measured by means of a sensitive astatic 
magnetometer, and it was found that the magnetization increased nearly 
proportionally to the logarithm of the time elapsed after quenching. It 
is shown that the effect can be analyzed phenomenologically by one of 


formal theories proposed on the magnetic after effect. 


On the other 


hand, the formation energy of the vacancies was estimated roughly to be 
1.4eV, which showed a good agreement with the results of other observa- 


tions. 


It is, therefore, quite likely that the observed change in magnetiza- 


tion is entirely due to the annihilation of the frozen-in vacancies. 


§1. Introduction 


The quenching of a crystal from high tem- 
peratures can be considered not only as 
a method by which one can bring the high- 
temperature phase to low temperatures, but 
also applied as a tool by which a large num- 
ber of point defects which are in thermal 
equilibrium at high temperatures can be 
frozen. It is well known for close-packed 
metals that almost all of the frozen point 
defects from lattice vacancies rather than 
interstitials owing to the smaller formation 
energy of the former. Therefore, the quench- 
ing is quite effectively used to introduce only 
one kind of point defects, i.e. vacancies, into 
a metal. 

Physical properties of the metal should 
undergo fairly large changes under the exist- 
ance of these quenched-in vacancies. During 
the past several years the effects of quenched- 
in vacancies upon the mechanical hardening”, 
electrical resistivity”, density», and elastic 
modulus‘) have been studied on various metals 
extensively. However, no study on the effect 
of vacancies upon the magnetic properties 
seems to have been performed, although some 
works concerning the relations between lattice 
imperfections other than lattice vacancies 
and the magnetic properties of ferromagnetic 
materials have been accumulated. The effect 
of impurity atoms has long been investigated 
in connection with the magnetic viscosity. 
The contribution of the impurity segregation 
or non-magnetic inclusions to the coercive 
force was studied mainly by Néel®. Vicena® 


has pointed out that the density of disloca- 
tions which prevent the domain wall move- 


ments is the main factor controlling the 
coercive force. Recently Heidenreich and 
Nesbitt” demonstrated that the stacking 


faults might play an important role in the 
field-cooling effect in perminvar. Thus, it is 
desirable to study directly the effect of 
vacancies upon the magnetic properties. 

In this work, we dealt with the lattice 
vacancies created and frozen in metal and its 
contribution to magnetic properties. In 
general, quenched-in vacanies in a metal are 
expelled out of the surfaces of the specimen 
or otherwise absorbed by pre-existing grain 
boundaries and dislocations. But, there is 
another case in which the vacancies come 
together to form the so-called “clustering ” 
when its concentration is high. During the 
process of the annihilation of the excess 
vacancies, the intensity of magnetization in 
the ferromagnetic metal might vary when 
the specimen is placed in magnetic field. The 
observation of this change may offer an 
information to the mechanism of the vacancy 
annihilation. 


§2. Specimen and the Experimental Appa- 
ratus 

To detect the vacancy effect on the mag- 
netic proporties, it is required to choose the 
specimen having the following characteristics. 
First, owing to the very small concentration 
of excess vacancies, the expected magnetic 
change may be very small. The magnetic 
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properties of the specimen should, therefore, 
be quitely structure- or defect-sensitive. 
Secondly, to exclude the effects due to any 
metallurgical change (for example, the preci- 
pitation of a different phase from the matrix) 
during the annihilation of vacancies, the 
specimen should not be an alloy. Thus, only 
the pure metal with high purity and without 
any phase change is desirable. 

We adopted a polycrystalline wire of 99.98% 
pure nickel as the specimen of the present 
experiment, since nickel is a very structure- 
sensitive ferromagnetic metal owing to its 
large magnetostriction and small crystal 
anisotropy, and it has no phase change in the 
temperature range below its melting point. 
Impurities contained in the specimen are 
0.002% Fe, 0.0006% Pb, 0.002% C, 0.002% 
Cu and the trace of S. To obtain a sufficiently 
high concentration of vacancies, a fine wire 
of 2mm in diameter was used. 

The specimen was annealed in vacuum at 
1000°C for two hours to take off internal 
stress and then held for about 10 minutes at 
a specified temperature from which it was 
quenched. The number of the vacancies thus 
produced can be considered to correspond to 
the concentration in the thermal equilibrium 
at that temperature. The quenching was 
done by letting the specimen drop into a low 
temperature bath containing iced-briné water 
or ethylene glycol whose temperature was 
about —10°C. Even immediately after quench- 
ing, the complete thermal demagnetization 
was not performed but the specimen was 
slightly magnetized to about 1 gauss because 
of earth’s magnetic field. 

To observe the change of the magnetiza- 
tion occuring during a prolonged time after 
quenching, it is necessary to produce over 
the specified period a steady magnetic field, 
whose strength corresponds to the initial per- 
meability range of the specimen since in this 
range the magnetic property is most structure- 
sensitive. The production of such a field 
was rather difficult, so that we used earth’s 
magnetic field of which the intensity is 0.310 
Oe at Kyoto district where our laboratory is 
located and whose fluctuation during one day 
is less than 3x10-*Oe except when some 
strong earth magnetic storms occur. 

A sensitive satatic magnetometer was 
employed to measure the change in magneti- 
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zation of the specimen by mounting a quench- 
ed wire (the specimen) and a well-annealed 
wire as shown in Fig. 1. In such orienta- 
tions the couple between the latter wire and 
the upper magnet of the astatic magneto- 
meter may be balanced by the couple between 
the former wire and the lower magnet. 
The only couple that changes with time is 
that between the specimen and the lower 
magnet, and the deflection of the astatic 
magnetometer can be attributed to the change 
in magnetization of the specimen. The sen- 
sitivity of the astatic magnetometer is very 
high, being in general higher than 10-* Oe 
permm scale. The precise adjusting technique 
has been fully described in Kumagai and 
Kawai’s paper®. 


ANNEALED WIRE 


— = _— UPPER MAGNET 


EARTH'S MAGNETIC FIELD H  wmirror 


QUENCHED WIRE 
(THE SPECIMEN) 


se __-LOWER MAGNET 
Fig. 1. Schemaic diagram showing the mounting 
of the specimen on the astatic magnetometer. 


After quenching from high temperature, 
the specimen was mounted rapidly on the 
astatic magnetometer and then the measure- 
ment was done for about ten days or more 
at room temperature. 


§3. Results and Discussions 


Observations with the astatic magneto- 
meter on specimens quenched from various 
temperatures showed that the intensity of 
magnetization increased with time in a quasi- 
logalithmic way as shown in Figs. 2 and 3. 

The following facts seem to be sufficient in 
order to attribute these time changes of the 
magnetization to the effect of the gradual 
annihilation of the frozen vacancies. First, 
the time variation of magnetization could not 
be observed at all on a well annealed speci- 
men of the same material. Secondly, the 
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impurities involved in the specimens are so 
rare, as already stated, that neither the after 
effect due to the impurity migration nor the 
effect due to any precipitation could take 
place at room temperature. Thirdly, the 
quenched specimen shrink with time, which 
can be easily recongnized from the reduction 
of its volume®. This reduction of volume 
can be explained resonably on the basis of 
the annihilation of excess vacancies. 
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Fig. 2. Increase in magnetization, I(t), at room 


temperature as a function of the time lapsed 
after quenching from various temperatures. 
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Fig. 3. J(t) as a function of log ¢ after qunching 

from various temperatures. 
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Now, the spontaneous magnetization around 
vacancies might have smaller intensity as 
compared with that without the defect, owing 
to the distortion of surrounding lattice points. 
The concentration of excess vacancies, how- 
ever, is so small that the observed fairly large 
change of the magnetization can not be as- 
cribed to the change in spontaneous magneti- 
zation. It may presumably be associated with 
the domain boundary displacements. Thus, 
the phenomena may be a kind of the magnetic 
aging or after-effect. The analysis of this 
effect has already been treated by several 
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authors. Assuming that distribution of the 
relaxation times of domain walls is constant 
over a wide region, the change of the mag- 
netization J, with time, ¢, can be expressed 
as follows” :— 


Ij=Alht, for very small ¢, 


i) 


I)=Bhi(logt+C), for medium f, CB) 
K)=Inf1 ees , for very large f, 
(3) 


where Jo is the total change of magnetization, 
namely, the difference between the magneti- 
zation as determined immediately after 
quenching and that as obtained when the 
concentration of vacancies attains the thermo- 
dynamically equilibrium value at room tem- 
perature, and A, B, C, D, and E are con- 
stants which contain quantities relevant to 
the upper and lower limits of relaxation 
times. It may be reasonable to assume that 
the total change of magnetization, Jo, is in 
proportional to the concentration of frozen-in 
vacancies and expressed as 


Ip= Ao exp (—E3/kT¢Q) , (4) 


where the constant Ao is the product of the 
entropy factor and the proportional factor 
showing the concentration of vacancies, E+ the 
formation energy of a vacancy, k the Boltz- 
mann constant, and 7, the quenching tem- 
perature. 

Since, after quenching, it takes several 
minutes to set the specimen on the magneto- 
meter, no observation applicable to Eq. (1) 
was made. Next, by putting t=co in Eq. (3), 
we obtain 


I(co)= Ao exp (—Ey/kT¢Q) . 


This expression corresponds to Eq. (4). Ac- 
tual observations we made are applicable to 
Eq. (2), where ¢ is of the order of 10°sec. 
The time dependence of the change in mag- 
netization, therefore, is expected to be nearly 
linear with logt regardress the quenching 
temperature, 72, which differs from one to 
the other as shown in Fig. 3. It is also ex- 
pected that the slope of the J(¢) curve be- 
comes steeper as the quenching temperature 
rises, as indicated by Eqs. (2) and (4). 
Logarithmic plot against 1/T of the values 
of the changes of magnetization, J, obtained 
for the same ¢ for all quenching temperatures 
yields a reasonably straight line as shown 
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in Fig. 4. From the slope of this straight 
line, we can roughly estimate the value of 
Ey as about 1.4eV, which is in good agree- 
ment with the result obtained from the data 
on the volume contraction after quenching’. 
Moreover, the obtained Ey value shows a fairly 
good correspondence with the activation 
energy for self-diffusion, which is 2.7eV ac- 
cording to Burgess and Smoluchowsky™, 
since it is well known that the formation 
energy of vacancy in close-packed metals is 
about one half of that required in self-diffu- 
sion. It can be concluded, therefore, that the 
observed change of magnetization is caused 
by the disappearance of excess vacancies 
doped in the specimen. 
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Fig. 4. Semilogarithmic plot of the increase of 


magnetization for t=10?min as a function of 
reciplocal of the quenching temperature. 


The above-mentioned analysis is entirely 
phenomenological; no physical interpretation 
as to the domain wall displacements associated 
with the annihilation of excess vacancies has 
not yet given. Vacancies absorbed into grain 
boundaries have no contribution to the 
magnetic change because the domain bound- 
aries are already fixed at grain boundaries. 
The clustering of vacancies would not occur 
in the present case bacause of the low con- 
centration of excess vacancies. The only 
origin of the change may be due to the 
domain wall displacements associated with the 
dislocation movements generated by the ab- 
sorption of vacancies. 

When quenched-in vacancies would migrate 
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in the specimen and encounter edge disloca- 
tions in which they are absorbed, we can 
expect the climbing of the edge dislocations 
perpendicular to their slip planes, if a suffi- 
cient number of jogs exist in the dislocations. 
The climbing of the dislocation without 
thermal jogs is to occur through jogs which 
were created previously in the dislocations 
through their crossing with screw dislocations. 
Such a climbing, however, needs so large 
activation energy that it would hardly occur. 
However, according to Seeger!”, the activation 
energy for jog formation in nickel may be 
far smaller than that required in self-diffusion, 
suggesting that there always exist a sufficient 
number of jogs which facilitate the climbing 
of the dislocations. Accordingly, the climbing 
of the edge dislocation may be _ plausible 
even at room temperature where the present 
experiments were made. 

It is, then, supposed that, at some stage 
during the annihilation process of the vacan- 
cies, a certain number of domains have their 
boundaries located and stabilized where edge 
dislocations exist, in other words, the domain 
walls being anchored by the dislocations®. 
When the climbing of the dislocations occurs 
in these domain boundaries, the former is 
followed by the latter. Consequently, the 
cause of the observed increase in magnetiza- 
tion may be domain boundary displacements 
accompanied by the climbing of the edge 
dislocations by which the domains with mag- 
netization parallel to applied magnetic field 
expand. 

Finally, if the change in magnetization is 
interpreted as stated above, the estimated 
order must agree with that observed. The 
crude order estimation of the probable value 
of Jo will be available, though the following 
assumptions are required for the sake of 
simplicity. First, the domain walls responsible 
for the phenomena mentioned above are 
merely the 180° walls separated from each 
other by the distance of about 10-?cm'” and 
the total volume of a grain is divided only 
by the plane 180° wall which is always held 
flat even in its motion. Secondly, the edge 
dislocations have the density of 10° lines per 
cm’. Thirdly, the orientations of grains 
in the specimen, whose size is in the order 
of 10-*cm, are at rondom. Lastly, one tenth 
of the excess vacancies whose concentration 
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was estimated from the volume contraction 
are absorbed into the edge dislocations. Under 
these assumptions we can roughly estimate the 
change of magnetization to be in the range 
of the order of 10-! gauss which agrees with 
the observed one. 
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The absorption spectra of the fundamental v2 of the nitrite ions in 
NaNO, crystals were investigated over the temperature range between 
25°C and 190°C with infrared radiation plane-polarized at various angles 
with respect to the crystallographic axes. Marked changes were 
observed around the transition point of 163°C. The contours of the 
absorption band tell us that the amplitude of the torsional oscillation of the 
nitrite ions around the a axis is fairly large as compared with the am- 
plitude around the ¢ axis. The amplitude around the a axis grows larger 
with increasing temperature, whereas that around the ¢ axis remains 
very limited over the whole range of temperatures of experiments. The 
contours of the absorption band observed with polarized radiation parallel 
to the ¢ axis show no trace of inversion doubling even in the high 


temperature phase. 


Hence the possibility of the tunneling of the N atoms 


through the potential hill was ruled out. 


§1. Introduction 

The phase transition of NaNO: was first 
observed by Strijk and MacGillavry”.?) and 
later Sawada and Nomura*® found that this 
substance showed ferroelectricity below the 
transition point of 163°C, the spontaneous 
polarization being parallel to the b axis. The 
crystal structure has been investigated by 
many workers.”.”).4-§) The space groups of 
the two phases are C2? and V;”*, respectively. 
The NO: ion is a symmetric non-linear group 
and lies parallel to the bc plane. The bisec- 
trix of the angle ONO is aligned to, say, +0 
axis below the transition point, whereas 
parallel to either+ or —b axis with equal prob- 
ability above the critical point. This is a 
kind of order-disorder transition, and the 
change of the long range order with tempera- 
ture has recently been determined by Shibu- 
ya.” The reorientation of the group in the 
transition may be carried out through either 
a single or composite process of (1) the rota- 
tion of the NOz- ions around the a axis, (2) 
the rotation of the NO: ions around the c 
axis, and/or (3) the tunneling of the N atoms 
through the potential barrier between the two 
equilibrium configurations. 

Betsuyaku and Itoh! supported the process 
(2), based upon their NMR observation of 
Na? in this substance. 


If the process (2) is the actual one, the 
amplitude of the torsional vibration of the 
nitrite ions around the c axis should grow 
larger with increasing temperature until the 
ions can assume with equal probability the 
opposite orientations above the _ transition 
point. If on the other hand the process (1) 
is the actual one then it should be the ampli- 
tude around the a@ axis that grows with in- 
creasing temperature. We can study the 
details if we use the polarized radiation, be- 
cause the transition moment of the bending 
vibration of a nitrite ion, which is usually 
denoted by v2, is parallel to the bisectrix of 
the angle ONO. It is well established by many 
workers that the nitrite ions almost retain 
normal modes of vibration of the isolated ions, 
and that the three fundamental vibrations v1, 
ve, and vs turn out to be almost independent 
of the partner cations. Among them the v2 
band is most favourable to the present purpose 
because it is sharp enough and suffers little 
overlapping with the other bands. 

If, on the other hand, the N atom tunnels 
through a potential hill between the two oxy- 
gen atoms in the same group, each degener- 
ate energy level associated with two potential 
wells on both sides of the hill splits into two 
levels by a tunnel effect. The v2 band must 
split into two peaks, or even in the case of 
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insufficient separations, it must become broad- 
er at least. 

We have measured the contour of this band 
at various temperatures and at various setting 
of single crystal specimens with respect to 
the plane of polarization of the infrared radia- 
tion. 


§2. Experimentals 


Single crystals of NaNOz were grown by 
means of Kyropoulos method from molten salt 
of reagent grade, rated as more than 98% 
pure, in a platinum crucible under an atmos- 
phere of dry air, and were cooled very slowly 
to room temperature at a rate of about 1°C/ 
hour. They were clear, transparent and 
slightly yellow. After determination of the 
crystallographic axes through the use of cleav- 
age planes (101), the specimens were cut out 
and carefully etched with an alcohol-water 
solution. Their areas ranged from 2X5 mm? 
to 10x10mm? and average thickness from 
150 to 250 pz. 

The absorption spectra of the »2 mode of 
the nitrite ion were recorded on a double 
beam infrared spectrometer, the Koken Model 
#401G, which is equipped with a Boush & 
Lomb replica grating and a potassium bromide 
fore prism (covering 3955~560 cm-! frequency 
range) in combination with a silver chloride 
polarizer as described by Makas and Shur- 
cliff.” The crystal was set successively at 
various angles with respect to the plane of 
polarization. Measurements were undertaken 
by the conventional method or with a micro- 
illuminator, both equipped with a high tem- 
perature cell, so that the specimens could be 
maintained at appropriate temperatures be- 
tween 25°C and 190°C. The temperature of 
the heating block was measured by a copper- 
constantan thermocouple of very fine wire 
whose junction was embedded between the 
cell and the specimen. Wave length was cali- 
brated against the 10.54 vibration-rotation 
spectrum of ammonia. The calibration was 
checked periodically. 


§ 3. Results and Discussions 

The absorption bands observed with speci- 
mens cut perpendicularly to the a and c axes, 
respectively, are shown in Figs. 1 and 2. 
Each curve was obtained with radiation polar- 
ized along the specified direction, the angle 
of which was measured from the J axis. 
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The vibration spectra of crystals of NaNO: 
have been studied by Newman, Bailey and 
Thompson", Weston and Brodasky™, and 
Greenberg and Hallgren!®), They identified the 
bands at 83lcm™, 834cm~!, 828.4cm-!, and 
826 cm“, respectively, as the v2 band associ- 


ated with the bending vibration. Sidman!®.1” 
26°C : 
‘ 165°C 
8 
Ss 
6 
26 
2 
[eo] 
= 
$ 
en 


800 *% 840 * 800 # B40 #0 
Wave number (cm') 

Fig. 1. Contours of the vo band of the NO,- ions 
in NaNO, single crystal plates cut perpendi- 
cularly to the @ axis. 6) denotes the angle of 
plane of polarization measured from the cry- 
stallographic b axis. 


166°C 


2 


Percent absorption 
s) 8 =o 
Sie 
Lee 
oO 
Si 
Seine 
& 
Oy 
SS) 


55° RO? 
70° 90° 
a 90° 
800. 840 800. 840 
Wave number (cm!) 
Fig. 2. Contours of the vp band of the NO, ions 


in NaNO, single crystal plates cut perpendi- 
cularly to the ¢ axis. 6) denotes the angle of 
plane of polarization measured from the cry- 
stallographic 6 axis. 
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and Tomotsu ef al.‘ obtained respectively 
829+2cm-! and 830 cm! from a fine structure 
of the fluorescence spectra (x* — m transition). 
The discordance in their wave numbers may 
be due to the difference in temperatures at 
which their measurements were carried out. 
In the present experiment, an extremely 
sharp peak as shown in the c spectrum in 
Fig. 1 should no doubt be assigned to the 
ve band. Our result is 826 cm at room tem- 
perature. As seen clearly in Fig. 1, consid- 
erable absorption is observed even for the 
radiation polarized along the c axis, whereas 
no definite amount of absorption can be detect- 
ed if the radiation is polarized along the a 
axis. The reason for the appearance of the 
ve band in the c polarization should be sought 
for neither in incompleteness of the polariza- 
tion nor in an inaccuracy of crystal cutting, 
because both failures, if any, must be negli- 
gible, since the temperature dependence of 
the peak intensities observed with the 6 polari- 
zation is entirely different from that obtained 
from the c polarization (see Fig. 3). The 
intensity in the c polarization can, therefore, 
be interpreted only in terms of torsional 
oscillation of the nitrite ion around the a 
axis. The rotation around the c axis seems 
to be highly restricted. 

In addition, there is no trace of inversion 
doubling. The half-width of the c spectrum 
of the vibration v2 remains unchanged over 
the whole range of the temperatures of ex- 
periments. The contour can be well approxi- 
mated with a Lorentzian curve with a half- 
width of 6cm™!. It is known that the height 
of potential hill for inversion of ammonia is 
0.25! ev and the force constant for the cor- 
responding bending mode is 0.5 md/A™. If 
the proportionality holds, we can estimate 
that the height of the potential hill for inver- 
sion of nitrite ion may be about lev, for the 
force constant for the bending mode turns 
out to be 1.7 md/A. This barrier seems too 
high for an inversion to occur. 

The low-frequency peak at 808 cm-' proba- 
bly originates from isotopic molecule contain- 
ing N** instead of N'*. The separation from 
the main peak, 19 cm“, is in good agreement 
with the calculated value, 22 cm-, based upon 
the Urey-Bradley type potential function. 
However, the ratio of integrated intensities, 
1/120, obtained from a well separated curve, 
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is nearly three times as large as that expected _ 
from the known isotopic abundance ratio, 
1/350; 

A weak band located at 840cm™ in the a 
spectra may be assigned to the v2: band of 
NO:;~ ions contained as impurities. This band 
is weak in a sample just after the prepara- 
tion, but becomes more appreciable after a 
few weeks. In addition, other bands of the 
nitrate ions, a band at 720 cm™ and those in 
the region 2,000 to 2,500 cm~!, are also per- 
ceptible. However, the fundamental band in 
the region 1,000cm™ are so badly disturbed 
by very strong bands »: and vs of the nitrite 
ions that they can hardly be identified. From 
the dichroism shown by these bands, we can 
conclude that the nitrate ions lie in the bc 
plane and one of the three N-O bonds is on 
the b axis. The temperature dependence of 
the peak intensity of this band is shown in 
Fig. 4. This band becomes stronger with in- 
creasing temperature. The fact tells us that 
the ve mode of the nitrate ions couples more 
strongly with lattice mode with increasing 
temperature. 
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Fig. 3. Dependence on temperature of the inten- 
sities of the 6 and ¢ spectra. 
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Fig. 4. Temperature effect on the intensity of 
the ve band of NO,~- contained as impurity in 
single crystals of NaNOQ,. 
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Two shoulders are seen in the } spectra in 
Figs. 1 and 2. They have approximately 
equal intensity and are symmetrically disposed 
with respect to the center of the »2 band of 
the nitrite ion. They can be interpreted as 
a summation and a difference band combined 
with a certain lattice vibration, whose transi- 
tion moment is parallel to the b axis. They 
disappear in the c spectrum. 


Fig. 5 shows the dichroism and temperature 
dependence of another band observed at 972 
cm. This band can be assigned to a sum- 
mation band specifically combined with the 
v2 band, because a band which might corre- 
spond to a difference band can also be observed 
at 730cm-! and because the intensity of the 
972 cm! band decreases with increasing tem- 
perature. As seen from the dichroism, the 
transition moment of this band lies parallel 
to the c axis. This may be assigned to the 
torsional oscillation of the nitrite ion as a 
whole around the a axis, for the frequencies 
associated with the translational motions must 
be far lower. Hence we obtain the value 
145cm-! for the frequency of the torsional 
vibration of the nitrite ion around the @ axis. 

Tanisaki®” has recently found that “a micro 
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Fig. 5. Temperature dependence and dichroism 
of the band centered at 927 cm~! measured in 
the ac plane of NaNO. 
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domain structure”, something like the anti- 
phase domain in AuCu alloys, persists some- 
while above the transition point. Hoshino and 
Shibuya?” have carefully measured thermal 
expansion of the lattice and found that there 
is another transition point at 178°C. We? 
also observed that dielectric constant of this 
substance shows an anomaly at the same 
point. But so far as the infrared absorption 
was concerned no trace of anomaly could be 
detected around this temperature. 


§4. Distribution Function of the Orientation 
of NO: Ions 


If the probability of finding the bisectrix 
of a NO2 ion at a direction @ is represented 
by p(@)d@, in which the angle @ is measured 
from the 6b axis in the crystallographic bc 
plane, ~(@) is written as follows: 


pO) = 21 P(A)" exp(— Eo/kT)/> exp (— Exo/kT) 


where ¥Y,(@) is the eigenfunction describing 
the state of the rotator which carries out an 
oscillation in a potential well determined by 
its environments, Ly is the eigenvalue, and 
the suffix v is the quantum number. If the 
plane of polarization of infrared radiation is 
set so as to make an angle @ with the b axis, 
the observed band intensity should be in pro- 
portion to the quantity 


40} 
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Fig. 6. Observed (solid curve) and calculated 
calculated (broken curve) intensity of the ve 
band in the be plane as a function of polarizer 
angle measured from the 0 axis. 
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\p (0) cos?(9—Oo) d= + Cos 260), 
a=| p (0) cos 209. 


The variation of the intensity of the band 
in the bc plane is shown in Fig. 6 as a func- 
tion of 0) We see that the solid curve (observ- 
ed intensity) can be well approximated by the 
broken curve (calculated by the above for- 
mula). Jc, the absorption intensity for the 
radiation with the polarization perpendicular 
to the b axis, has a non-zero value unless the 
bisectrix of the nitrite ions are strictly con- 
fined on the } axis. The larger is the am- 
plitude of the torsional oscillation, the greater 
is the intensity observed at right angle to the 
b axis. 

As seen in Fig. 3, Je increases with in- 
creasing temperature in the low temperature 
phase, changes discontinuously at the transi- 
tion point, and then decreases very slowly 
above this point. On the other hand, 
decreases with increasing temperature in the 
low temperature phase, showing more or less 
abnormal behaviors around the transition 
point. The rate of decrease in the ferroelectric 
phase is smaller than that in the paraelectric 
phase. 

The temperature dependence of the inten- 
sities of the absorption band may surely be 
a result caused by many complicated origins. 
But we may be justified in regarding the ratio 
I-/Iy as determined mainly by the change of 
the potential curve, for all causes other than 
that may influence both / and J, in very 
similar manners. This ratio is shown in Fig. 
7 (b). We can see that the potential well 
becomes shallower with increasing tempera- 
ture. If, for the sake of simplicity, we assume 
the form p(@)=exp(—vEcos0/kT) where p 
denotes the dipole moment of the nitrite ion 
and £ the effective field acting upon it, we 
can easily obtain the values of “E/k by com- 
paring the calculated values with the observed 
intensity ratios. The result is shown in Fig. 
7 (a). It first decreases rather rapidly and 
then slowly as temperature approaches the 
transition point, changes discontinuously at 
this point, and afterwards maintains a con- 
stant value in the high temperature phase. 

If the intensities 7, and J. are extrapolated 
to higher temperatures, they will intersect at 
around 690°K, we can thus estimate the depth 
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of the potential well at about 480cm™. 
Seeing that the change of Jc/J, is rather slight 
(Fig. 7 (b)), we may suppose this gives a rough 
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Fig. 7. (a) Variation of the pH/k in °K with 
temperature. 
(b) Variation of the intensity ratio I¢/Ip 


with temperature. 


estimate of the potential well over the whole 
range of temperatures covered by the present 
investigation. The potential well in the ac 
plane must be very deep, because the inten- 
sity of the a@ spectrum is always very weak 
and remains so even above the transition 
temperature. This conclusion is supported 
by another experiment; no appreciable change 
was detected in the a spectrum near the trans- 
ition point even when an ac field of about 
8,000 v/em was applied externally parallel to 
the a axis during the absorption measurement. 
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The influence of dislocations which were introduced into germanium 
crystal by plastic deformation on the current-voltage characteristics of 
the p-v junction was investigated experimentally using grown junction 


diode bars. 


It was revealed that the theory of carrier generation and 


recombination in a p-n junction was applicable to explain the junction 


characteristics. 


When the width of the transition layer in a p-m junc- 


tion was as great as about 200 micron, the anomalous characteristics were 
observed after plastic deformation by twisting. Some considerations were 
made about the p-n-p-n structure which was produced in the original 
p-n junction region by plastic deformation. 


Introduction 


§1. 

General characteristics of a p-m junction 
are affected by dislocations and defects in 
the crystal in a greater or less degree. 
The current-Voltage characteristics of a p-n 
junction containning many dislocations will 
deviate from the ideal rectification character- 
istics. Average dislocation densities are 10’~ 
10?cm-? in ordinary germanium single cry- 
stals and they are rather too small to give ap- 
preciable variation in junction characteristics. 
It is possible to introduce many dislocations 
into a crystal up to the order of 10°~10%cm~?* 
by plastic deformation. Dislocations in the 


deformed crystal are distributed over the p- 
type, #-type and the transition region, how- 
ever, it is the last case that give significant 
effects on the junction characteristics. 
Crystallographical structures of the edge- 
type dislocations in germanium and their in- 
fluence on electrical properties of the crystal 
have been studied fairly well by many 
peoples.” It is known that dislocations act as 
acceptors in germanium and in m-type crys- 
tals the acceptor sites along the dislocation 
are pattially filled and the dislocation line is 
negatively charged. The charge is neutraliz- 
ed by a cylindrical space charge of fixed 
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donors around the dislocation. Dislocations 
in a crystal, therefore, have significant effects 
on the energy band structure” and the 
mobility of carriers. On the other hand, it 
has been confirmed that dislocations produce 
the recombination centers and the minority 
carrier lifetime is drastically decreased by 
plastic deformation*. 

It is expected that the current-voltage 
characteristics of a p-m junction which was 
deformed plastically deviate from the ideal 
case of the diffusion model. These were 
confirmed experimentally and some quantita- 
tive explanations were given. Furthermore 
anomalies in the forward characteristics which 
have been observed in the special p-v junction 
are described and discussed. 


§2. Experimental Procedures 


The samples used in these experiments 
were obtained from a grown junction crystal 
pulled in the <111> or <100> direction. In 
the p-type region of the crystal indium was 
doped and excess antimony was added in the 
n-type region. Resistivities in both regions 
were nearly equal and about 0.2o0hm-cm at 


P-TYPE N-TYPE 


P-N JUNCTION 
(LLL) PLANE 
or (100) PLANE 


Fig. 1. A germanium grown junction diode bar. 


Fig. 2. Tools used for plastic deformation of 
germanium. The upper is a twisting tool and 
the lower is a bending one. 
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room temperature. Diode bars shown in 
Fig. 1, were cut from the crystal whose 
dimensions were about 2mmx3mmx20 mm 
with the long axis of the bars along the <111> 
or <100> direction. The p-m juction plane is 
located near the center of the bar and laid 
on the (111) or (100) plane. The samples 
were cleaned by étch and covered with films 
consisting of vacuum-evaporation of gold in 
order to minimize effect of contamination on 
the samples at elevated temperature. The bar 
was placed in stainless steel jaws as shonw 
in Fig. 2 and heated in argon atomosphere to 
600°C in a furnace for a plastic deformation. 
The samples were plastically deformed by 
twisting about their long axes or by bending 
about an arbitraly axis parallel to the junction 
plane. The temperature of the sample was 
indicated by a thermocouple attached near it 
and recorded in a recorder during this 
process. The rate of cooling to 300°C was 
about 300°C/min. and all processes were 
performed within five minutes. All samples 
were plastically deformed under the same 
conditions. Deformations were mainly per- 
formed by twisting for the following reasons; 
(1) it is convenient to introduce many dislo- 
cations and to control. (2) very little has been 
known about the experiments by twisting. 

After measurements of the twist angle or 
the bending radius, the samples were ground 
to remove gold-alloy layer on their surfaces. 
The bar was then etched in a mixture of 5 
parts nitric acid, 5 parts hydrofluoric acid, 
and 7 parts acetic acid to reveal the p-n 
junction. Platinum leads were fastened near 
the junction by soldering for voltage terminals 
and at two ends of the bar for current termi- 
nals. The sample was then cleaned by etch 
in the above mixture for one minute followed 
by a rinse in deionized water for ten minutes 
and dried in a desiccator for 12 hours. 

The current-voltage characteristics of the 
junction and other characteristics were 
measured on the sample soaked in silicone- 
resin (DC-200). It may be well understood 
that gold films themselves have no effect on 
the properties of germanium crystal and the 
junction characteristics under the conditions 
of the heat-treatment in which plastic defor- 
mations were performed. For the sake of 
abbreviation, the plastic twisting about the 
<11l> axis as twist axis (where the function 
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is parallel to (111) planes) is called <111) twist, 
and the twisting about the <100> axis as 
twist axis (where the junction is parallel to 
(100) planes) is called <100> twist throughout 
this paper. 


$3. Experimental Results 


(1) Current-voltage Characteristics of a 
plastically Deformed P-N junction 

The current-voltage characteristics of a plas- 
tically deformed p-m junction are appreciably 
different in both forward and reverse direc- 
tions from the characteristics before plastic 
deformation. 

(a) very small applied bias (|V|<kT/q) 

When the applied bias is less than kT/q, 
the current is proportional to the voltage and 
follows essentially the ohmic law as in the 
normal diode characteristics. The conduct- 
ance at zero bias of twisted samples increases 
as the twist angle 6, (degree/centimeter) in- 
creases. The forward characteristics are 
shown in Fig. 3 for the samples with various 
twist angles and for a few bent samples. 

(b) small forward bias (kT/¢g<V<¢) 

As forward-bias increases to the built-in 
voltage ¢, the current varies according to 
exp (qV/nkT), where 7 is between 1 and 2. 


FORWARD CURRENT (mA/cm?) 


ATS LG é 
VOLTAGE (mv) 


Fig. 3. Forward currents of plastically deformed 
diode bars under very small bias (V<kT/q) at 
room temperature. 
(a) G-707 (2) <111> 9.3°/em Twisting 
G-708 (2) <1ll> 8.6 
(c) G-711 (2) <111l> 4.8 
G-712 (2) <111> 17.4 
(e) G-722 (2) <100> 14.2 


(x) G-724 (2) <100> 10.8 

(h) G-727 (2) <100> 16.5 

a G-728 (2) <100> 15.4 

(j) G-729 2) £1005 25.2 

(k) G-730 (2) <100> 8.7 

(I) G-709 (2) <1115 10 cm Bending 
cs G-714 (2) <1l1$_ 7 

(n) G-726 (2) <100> 9 
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The forward characteristics of the deformed 
samples are presented in Fig. 4 for <111 
twist and in Fig. 5 for <100> twist. The 
characteristics of the bent samples are not 
very different from the characteristics of the 
twisted samples as shown in Fig. 6. 


(mA/CM?) _ 


fo) 


FORWARD CURRENT 


200 
(mV) 


100 
VOLTAGE 


Fig. 4. Forward current-voltage characteristics 
of the <111> twisted samples at room tempera- 


Curve Sample Twist Angle 
(a) G-707 Before twist — 
(b) G-712 Before twist 
(c) G-707 After twist <ul 9.3°/cm 
(d) G-712 After twist <111> 17.3°/cm 


(c) Reverse bias (|V|>kT/q) 

The reverse current increases linearly in 
the ohmic region followed by a region where 
the current increases slightly as the bias 
voltage increases and then increases according 
to about V!/™ (m=2~3) as far as the soft 
breakdown region. The current voltage 
characteristics in the reverse direction are 
presented in Fig. 7 for <111> twisted samples, 
in Fig. 8 for <100> twisted samples and 
Fig. 9 for bent samples. The reverse current 
generally increased by plastic deformation, 
sometimes becoming about one hundred times 
as large as the original saturation current, 
and increased as the twist angle increased. 

(2) Temperature Dependence of Reverse 
Current 
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Fig. 5. Forward current-voltage characteristic of Fig. 7. Reverse characteristics of the <lllb 
the <100> twisted samples at room temperature. twisted samples at room temperature. 
Curve Sample Twist Angle Curve Sample Tarik 
(a) G-722 Before twist == (a) G-712 Before twist — 
(b) G-723 Before twist (b) G-708 Before twist — 
(c) G-722 After twist <100> 14.2°/cm (c) G-708 After twist <lll>-8.6°/cm 
(d) G-723 After twist <100> 6.6°/cm (d)  G-712 After twist <i> 17.4"cem 
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(a)(b) 


0 100 200 ss Tow | 
VOLTAGE (mV) VOLTAGE (VOLT) 
Fig. 6. Forward current-voltage characteristics Fig. 8. Reverse characteristics of the <100> 
of the bent samples at room temperature. twisted samples at room temperature. 

Curve Sample Radius Curve Sample Twist 
(a) G-709 Before bend. — (a) G-723 Before twist a 
(b) G-714 Before bend. — (b) G-722 Before twist —— 
(c) G-709 After bend. 10 cm (c) G-723 After twist <100> 6.6°/cm 


(d) G-714 After bend. 77cm (d)  G-722 After twist  <100 14.2°/em 
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REVERSE CURRENT (mA/cM®) 


| 
VOLTAGE (VOLT) 


Fig. 9. Reverse characteristics of the bent sam- 
ples at room temperature. 


Curve Sample Radius 
(a) G-713 Before bending — 
(b) G-714 Before bending — 
(c) G-713 After bending 13cm 
(d) G-714 After bending 7cm 


The variation of the reverse current in the 
«deformed samples with temperature are shown 
in Fig. 10 for <111> and <100> twist. From 
the slope of these curves the energy differ- 
‘ence between the trap level and the intrinsic 
Fermi-level can be determined as stated in 
later section. It should be noticed that the 
‘slope for <111> twist is some what different 
from the one for <100> twist 

(3) Anomalies in Forward Characteristics 

The results described in the section (1) and 
(2) were obtained about the deformed samples 
in which the width of the transition layer in 
the original p-z junction was about in the 
range 20 to 80 microns. For the samples 
deformed by <111> twisting in which the 
width of the transition region in the original 
junction was about 200 microns, a negative 
resistance was observed in the for ward 
‘current-voltage characteristic, that is, a small 
forward current similar to a saturation current 
in the reverse direction flowed until a critical 
woltage was reached where a sudden transi- 
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(a) 


UNIT) 


(d) (b) 
) 


JrgT 2 (ARBITRARY 


32 34 36 38 40 42 44 

10°/T (°K) 

Fig. 10. Variation of reverse current at 2 Volt 
bias with temperature. J,,7~-5/2 is plotted 
against 7T-! for the <111> twisted and the <100> 
twisted samples. 


Curve Sample aise 6; (°/cm) Oy 
(a) G-707 (2) <lllb 9.3 0.43 
(b) G-708 (2) <l1ll> 8.6 0.43 
(c) G-722 (2) <l100> 14.2 0.35 
(d) G-723 (2) <100> 6.6 0235) 


tion occured into a low-resistance branch 
resembling a forward diode characteristics 
before twist. On reducing the current below 
a certain minimum value, the characteristics 
changed back to the high-resistance branch. 
Some typical examples of the forward charac- 
teristics with a negative resistance are 
presented in Fig. 11. The breakdown voltage 
in forward direction and the forward current 
in the pre-break-down high-resistance part 
of the characteristics increases as the twist 
angle increases. The current-voltage charac- 
teristics were plotted in Fig. 12 with the 
twist angle as parameter. For the samples 
in which the width of the transition region 
in the original p-m junction was about or 
greater than 400 microns, no sharp _break- 
down was seen in forward direction before 
the beginning thermal breakdown. Moreover, 
these anomalies in forward characteristics 
were never seen for the samples which were 
merely heat-treated or twisted very slightly. 
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Fig. 11 (a). 


Fig. 11 (b). 

Fig. 11. Oscilloscope display of the current- 
voltage characteristics with a negative resis- 
tance in forward direction. 


(mA/CM?) 


(ow 


re) 
Nn 


FORWARD AND REVERSE CURRENT 


VOLTAGE NVOLT) 
Fig. 12. Current-voltage characteristics of the 
<111> twisted sample with twist angle as para- 
meter. Variation of the conductance at low 
level with twist angle seems to be different 
from the case seen in Fig. 3. 
Sample G-106 


@m 25cm — Forward 
Sern9 ---- Reverse 
@ 18 
A PAE 

40 


§4. Discussions 


When a germanium crystal was plastically 
deformed by twisting or bending, the minority 
carrier lifetime could be drastically reduced 
owing to the recombination centers which 
were introduced into the crystal. Sah, Noyce, 
Shockley® studied, carrier generation and re- 
combination in p-m junctions, and they pre- 
dicted theoretically that for semiconductors. 
with short lifetime, the current generated in 
the space charge region may be greater than 
the diffusion current under reverse bias and 
the recombination current is important at 
forward bias smaller than the built-in voltage. 
Assuming that these considerations may be 
applied for the current-voltage characteristics. 
in the p-m junction which was plastically | 
deformed, the experimental results obtained |. 
in §3 (1), (2) are examined on the basis of | 
the theory of carrier generation and recombi- || 
nation. ! 

The ohmic current under very small bias 
(|VI<kT/q) is given by | 

Aye qniW | 

Ire 2 OV T poTno Ye See 

where the definition of symbols are as follows: \} 

Jrg: recombination-generation current den- || 
sity in the space charge layer 

q: magnitude of electronic charge 

mi: density of electrons or holes in an 

intrinsic specimen 


tOO>TWIST 


(OHM) 


«ttt> TWIST | 
pss 


RECOMBINATION CONDUCTANCE 


To) 20 30 
TWIST ANGLE (°/CM) 


Fig. 13. Recombination conductance YVs_ twist fe 


W: width of the space charge layer 
¢@: built-in voltage 
tpo: lifetime for holes injected into highly 
n-type specimen 
tno: lifetime for electron 
highly p-type specimen 


injected into 
‘The recombination conductance is represented 
by the factor (2/2)-qmiW/(cpotn)/?¢. The 
values of this conductance obtained from 
Fig. 3 are plotted against the twist angle in 
Fig. 13. It is seen that the recombination 
conductance increases linearly with increasing 
twist angle in this range. When it is assumed 
that W and ¢ are hardly changed by the 
plastic deformation, and tpyo=tno=t0, the trap 
density is increased linearly with the twist 
angle, as to is inversely proportional to the 
trap density. In Fig. 13 it should be noticed 
that the proportionality constant is larger for 
<100> twist than for <111> twist. Moreover 
‘dislocation density increases linearly with the 
twist angle, provided that the trap density is 
proportional to the dislocation density. This 
agrees with the experimental results obtained 
about the fraction of volume occupied by 
space charge tubes around dislocations by 
using Hall effect in m-type germanium which 
was plastically deformed by twisting. As- 
suming that W is 20 micron, and ¢ is 0.3 volt, 
then to becomes 0.1 microsecond when @ is 
about 9.3 degree per centimeter. For the 
bent samples, the recombination conductance 
is rather great in general as seen in Fig. 3. 

At a forward bias greater than kT/q and 


less than ¢, the recombination-generation 
‘current can be written as 

~ _quW_ 2sinh (gV/2kT) f(b (2: 

cui AVE Oe” 

where 
72 dz 
= 3 
FO) eee ) 
E,—Ei 1 T po 
~ VA ] 
b=exp (—qV/2kT) cosh | RT ais 9 n a 


(4) 
Z1,2=(Tyo/tn0)'/? exp[+(P—V)g/2kT]. (5) 
Here E:; is the energy level of the traps and 
E; is the intrinsic Fermi level. 
When the traps are located near the intrin- 
sic Fermi level, that is, E:cE:, then 


f(b)=n/2—b 
b=exp(—qV/2kT) . 
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REVERSE CURRENT (mA/CM*) 
©: RECOMBINATION CONDUCTANCE (OHM)? 


eens 50 
TWIST ANGLE (0/CM) 


Reverse current at 1 Volt bias VS twice 
Variation of the recombination conduc- 
tance is plotted together. 


(a) Recombination conductance: <100> 
(b) Reverse current: <100> 
(c) Recombination conductance: <111> 
(d) Reverse current: <111l> 


(ARBITRARY UNIT) 


POTENTIAL DIFFERENCE 


DISTANCE 
Fig. 15. Potential distribution across the junction 
under forward and reverse bias. 


Sample G-353 (2) 4.7°/cm 
—O——O-— Reverse before twist 
—@—@— Reverse after twist 
— x—x— Forward after twist 


2184 


The depletion layer width for an abrupt junc- 
tion varies with the applied voltage as 
Woe(p— V2 
so that from (2), /ry varies approximately as 
sinh (qV/2kT) (x 
fro pave a 
in this case. Thus the recombination current 
will vary slightly faster than exp (qV/2kT ) 
under the bias of this range as can be seen 
from (6). An apparent exp(qV/ukT) depen- 
dence of the forward current shown in Figs. 4, 
5, 6 may be explained by this argument. 
At a reverse bias greater than kT/q, the 
recombination current is given by 
i aes qui 2kT : W 
a V Tpotno qd o—V 
: aV \ 1\n2d 
Mert ee lee 
“ass eae) b 


Furthermore /J;g is written approximately as 
follows 


(7) 


Ww 


qni 


tro V T poTno D, 


E, —Ei 1 T po ae 

-| cosh { ee ogi aa ces 
Thus the recombination-generation current 
under the reverse bias in this range shows 
the same voltage dependence as the width of 
the space charge layer. The reverse voltage- 
current characteristics shown in Fig. 7, 8,9 
can be understood for the reason mentioned 
above. 

The reverse current at 1 volt bias is plotted 
against the twist angle in Fig. 14 together 
with the recombination conductance shown in 
Fig. 13. The fact that the rates of increase 
of these quantities for the twist angle are 
almost the same indicates that the reasoning 
based on the theory of carrier generation and 
recombination is not wrong. In Fig. 14 the 
difference in the slope of the curves for <111)> 
and <100> twist may be attributed to the dif- 
ference in the electronic structures of germa- 
nium which is plastically deformed by twist- 
ing. Since m is proportional to T?/? exp (—Eeo 
/2kT ) where Ego is the energy gap at 0°K, 


d 
—— S —5/2 
Fa (in Ure Y} 
=. elicoguy Bes Et 
2k k 
Eu—E; Ib Tpo- 
-tanh | ——— + — [In — 
[ kT is 2 a =| 
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is obtained from (7) approximately. 

The activation energy of the traps, there- 
fore, is obtained from the slope of a plot of 
the logarithm of the reverse current as a 
function of the reciprocal of temperature at 
a constant reverse bias. But the value of 
E,.—E:i cannot be uniquely determined from. 
this experiment since cosh [(Z;—Ex)/kT +3 In: 
(tpo/tno)] makes the sign uncertain. From 
Fig. 10, |E:—Ei| is 0.06eV for <111> twist 
and 0.03eV for <100> twist assuming that 
Eao=0.75.eV. 

The anomalies in the forward characteristics. 
described in § 3°(3) are rather special proper- 
ties of a plastically deformed junction. The 
observed current-voltage characteristics are: 
very like those of p-n-p-n switching diode. 
It is confirmed from the results of the follow- 
ing experiments that there exists actually a 
p-n-p-n structure in the p-m junction region 
which is plastically deformed by twisting. 

(a) A measurement of the potential distri- 
bution 


THERMOELECTRIC POWER AND ROTENTIAL DIFFERENCE (ARBITRARY UNIT) 


DISTANCE 


Fig. 16. Plot of the thermoelectric power- 
together with potential distribution for reference. 
Sample G-167 (2) 2.3°/cm 
—O——O-— Thermoelectric power 


—xX—x-— Potential difference under 
forward bias 
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The potential difference between the two 
tungsten needleprobes which were pressure- 
contacted on each side of the p-m2 junction, 
was measured by a potentiometer. In Fig. 15 
the potential difference between two probes 
was plotted, with one probe moved across 
the junction by a micro-manipulater. 

(b) A measurement of the thermoelectric 
power 

Thermoelectric power was measured in the 
same way as described above except that 
one of the probes was used as a hot probe. 
The relative variation of the thermoelectric 
power was shown in Fig. 16 together with 
the potential distribution. 

(c) A measurement of the photo-response 

The photo-reponse was measured illumi- 
nating the junction by a chopped light beam 
whose width was about 50 micron. The linear 
spot of light was adjusted to be parallel to 
the p-z junction and moved across it. The 
results of measurement was plotted in Fig. 17. 

The newly produced -v-p-regions by twisting 
are in the transition region of the original 
p-n junction as seen in Fig. 15. 

By a heat treatment of the sample, the 
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Fig. 17. Plot of the photo-response under forward 


and reverse bias. 


Sample G-506 (2) 3.9°/cm 
—O——QO-— Forward biased 
—x<—<— Reverse biased 
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anomalous characteristics in forward direction 
are changed as follows. About the samples 
which were heat-treated at 400°C for 1.5 
hours and at 550°C for 66 hours in a vacuum 
of 1x10->mm Hg, no appreciable change of 
the anomalous characteristics was observed, 
but when the samples were heat-treated at 
800°C for 3 hours, the anomalous characteris- 
tics disappeared and the normal diode 
characteristics before twist were almost re- 
covered. 

It follows from the experimental results 
mentioned above that the anomalous current- 
voltage characteristics of the plastically de- 
formed junction may be due to the disloca- 
tions or defects introduced into the crystal 
by the plastic deformation. 

A metallographic examination of chemical 
etch was performed about the samples which 
were deformed by <111> twisting. They were 
etched in a solution of one part hydrofluoric 
acid and one part nitric acid at 80°C. The 
photomicrograph presented in Fig. 18(a) il- 
lustrates the appearance of slip bands parallel 
to the intersections of (111) planes with the 
surfaces of the sample. Among them, slip 
bands perpendicular to the twist axis are most 


» 


[CORRODE NR RI 


Fig. 18(a). Photomicrograph of the (111) slip 
bands pattern revealed by chemical etch. 


the specimen 


Photomicrograph of 
after heat-treatment at 800°C for 3 hours. 


Fig. 18 (b). 
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clear as shown in Fig. 18(a). The average 
distance of the two closely-spaced slip bands 
is decreased as the twist angle is increased 
and changed in the range 120 microns to 60 
micron or less. When the sample was heat- 
treated at 550°C the same slip band pattern 
was reproduced by the etch but after a heat 
treatment at 800°C for 3 hours, slip bands 
were hardly distinguished as shown in Fig. 
18 (b). 

A special case is considered where one slip 
band was produced in m-type region of the 


CONDUTION 
BAND 


Fig. 19. A probable energy band structure of 
the twisted samples which have the anomalous 
characteristics in forward direction. The vari- 
ations in local energy band are smoothed out. 
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POTENTIAL DIFFERENCE 


DISTANCE 


Fig. 20. Potential plotting of a twisted diode bar 
whose original width of the transition layer 
was about 400 micron. 


Sample G-329 (2) 3.3°/cm 


—O——©— Reverse before twist 
—@—@— Reverse after twist 
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transition layer in a graded junction. If a 
slip plane is a plane with acceptors as a tilt 
boundary, the energy band structures in the 
junction can be represented as in Fig. 19. 
This corresponds to the cases shown in Figs. 
15, 16, 17. Since the parallel slip bands are 
produced with a certain distance, the situation 
as shown in Fig. 19 can hardly be realized 
when the width of the transition layer is less 
than the mean separation of slip bands. When 
the width of the transition layer is much 
greater than the mean separation of slip 
bands, on the contrary, a structure similar 
to multiple-junctions may be produced in the 
transition region. This is the case illustrated 
in Fig. 20. It may be concluded from the 
considerations described above that the 
anomalies in forward characteristics of the 
p-n junction which was plastically deformed 
by twisting are associated with lattice misfits 
by slip on a (111) plane. 


§5. Conclusions 


Many dislocations or defects were introduced 
into germanium crystal with a p-m junction 
by plastic deformation and these effects on 
the current-voltage characteristics of the p-n 
junction were studied experimentally and 
discussed. Bernard® reported the results of 
measurements about soft breakdown of the 
plastically bent f-m junction which were not 
included in this paper. 

The width of the transition layer of a p-n 
junction was found to be of importance with 
regard to the influence of dislocations on the 
current-voltage characteristics of a p-n junc- 
tion. In ordinary grown junctions, disloca- 
tions introduced by plastic deformation of 
the crystal seem to have no explicit effects on 
the current-voltage characteristics of the p-n 
junction, but affect implicitly as recombination 
centers. When the width of the transition 
layer in a p-m junction is sufficiently large, 
the effects of the dislocations themselves on 
the current-voltage characteristics appear 
explicitly as in the case described in § 3 (3). 
The mechanism of an apparent -n-p-“ hook ” 
generation in the transition region of the 
junction is not known well. However, one 
of the probable models is presented in this 
paper. Recently Ota” has demonstrated 
a possibility of appearance of the anomalous 
characteristics in a forward current due to a 
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dislocation with some simplifing assumptions. 

It was found in the present experiments 
that electrical properties of the <100> twisted 
crystal are somewhat different from those of 
the <111> twisted crystal. Electrical proper- 
ties of the plastically deformed germanium 
crystals which were twisted about the twist 
axes in different orientations are expected to 
be not the same. 
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The theoretical consideration of the magnetic anisotropy energies of 
magnetic compounds with a nickel arsenide type crystal structure was 


made. 


The anisotropy energy due to the magnetic dipolar interaction 


for an appropriate spin structure in this crystal structure, and the one 
originating from the spin orbit interaction and the interaction related to 
this were studied by assuming the ionic constitution of transition metal 


elements, from the stand point of one ion approximation. 


Some experi- 


mental data are explained by the present theoretical results. 


§1. Introduction 

Many compounds with a nickel arsenide 
structure or slightly deformed structure have 
been found to show a ferro- or antiferro- 
magnetic behavior. Also the magneto-crystal- 
line natures of these substances have recently 
been revealed by magnetic torque measure- 


ments as well as the neutron diffraction tech- 
nique. Since the magnetism of these com- 
pounds is considered to come from the mag- 
netic moment of metallic atoms or ions in 
the crystal lattice, the magneto-crystalline 
anisotropy is closely related to the electronic 
state of metallic atoms or ions in the crystal. 
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The present author undertook to discuss the O-th kind (0) 

nature of magneto-crystalline anisotropy ener- (Ferro) 

gies of these substances by calculating the ----~+2 

dipolar interaction for a given magnetic struc- 

ture and by considering the spin orbit and ea ate 


the intra spin-spin interaction originated from 


(Antiferro. 
2 oe 


the usual one ion approximation’) for the 
transition metal element with an ionic con- 


stitution in the nickel arsenide type crystal 2nd kind (2) 
lattice. (Antiferro.) 
igs de 


§2. Magnetic Structures in a Crystal Lattite 
of the NiAs Type 


seb : Ni (metal)—simple hexa- 
The binding nature of the compounds with R a drei 
a NiAs structure can not be considered a @ As enetlloidh-- chise paced 
completely ionic but is regarded as the inter- hexagonal, a1, Bi, °**y 72: 
mediate between ionic and metallic, or be- sublattice of metal lattice 3rd kind (3) 
(Antiferro.) 


tween ionic and covalent bindings, since their 
electrical conductivities are more or less 
better than in the case in which they are 
regarded as an ionic compounds. However, 
Table I shows that the number of effective 


I, II and III: the lst, 2nd 
and 3rd neighbors. 


magnetons due to the measurements of para- Fig. 1. NiAs type crystal structure and its sub- 
magnetic susceptibility is well reproduced by ee The stable magnetic ordering in NiAs 
Table I. The magnetic data on the compounds with NiAs structure 
(containing modified NiAs structure). 
| | 5 . 
Substance | a (A) cla | Te CK Op (°K) | Pa (gs) Pest (ta) | ee ee 
| | moment (°K) 
NiS | 3,439 e555 (A) 150 —3000 Zoo ly v= 
CoS 3.374 is asy/ (A) 358 — 632 1.69 
FeS* 3.456(d) 1.70t | (A) 593 | — 917 5.22 t -- (A411) +e 
FeS:* | 3.483) | -1.655 | @rj78° |" 22000 1 (0.25 5.93 Rene 
CrsSe* 3. 454(4) 1.675 (Fr) 303 | — 150 0.35 4.8 SIRS 
VS 3.367 1.730 (A) 1040 —3000 — 3.67 
TiS j_3.30 1.96 (WCP) —_— 
Nise | 3166 Ledeen | Asafigroatlts art i 
CoSe 3.614 1.460 | 
Fe,Ses* | 3.617(d) | 1.625 | (Fr) 425 | —2600 0.20 4/9 Pitot 
Fe;Se,* 3.537(d) | 1.579 (Fr) 320 0.23 Spe 
CrSe 3.684 | 1.638 (A) 279 — 320 4.9 \(N.D.) 
VSe 3.587 | 1.670 (A) 163 — 2570 4.2 
TiSe 3.566 | 1,748 (WCP) aay 
I} | 
NiTe 3.957 1.353 | (A) Bleenhiiey! 0.99 
Coo sTe 3.894 1.381 (A) —1400 © 2.70 
Feo.7Te 3.816 | 1.482 (A) — 800 3.00 
MnTe 4,412 1.618 (A) 310 | — 650 5 lel ot 
CrTe SEO) IL as PG )e333 SE | Zee | 4.08 eg 
VTe _ 3.813 | 1.609 1.7 | 
TiTe lee .OO4 1.67 (WCP) ——— | 
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Table I. (Continued). 
i ee P Alco Sali he, 
| T. T " | Easy direction 
Substance a (A) cla ° (8K) a ES Cals) Px» (tts) Perr (tz) of magnetic 
| | moment (°K) 
CoP? 3.2744) | 1.547 | iat ea Lote eV 
FeP# 3.089(d) | 1.676 | (A) —50 | 3.42 
MnP# 3.167(d) | 1.657 | (F) 298 | eZ 
VP 3.18 1.96 | 
Aub ee 3.487 1.67 
NiAs 3.602 1.391 ies (ak ee <a 
CoAs? 3.51(d) 1.47 
FeAs# 3.366(d) 1.613 
MnAs(#) | 3.710 1.5341 ve aa 283 3.40 4.95 * 
CrAs* 3.479(d) 1.647 (A) 823 | 
TiAs* 3.642 | 1.656 
NiSb 3.94 1.31 (D) , ht i rag 
CoSb | 3.866 1.342 (A) 40 —320 1.36 
Fe; 22Sb 4.06 1.26 (Fr) 4.2 —150 | ASA 
MnSb 4.128 1.402 (F) 587 | 608  3.53(N.D.) 4.10 \ 
CrSb PA 0S 1.324 (A) 718 | —550 2.7 (N.D.) 4.92 t 
TiSb 4.07 | 1.55 (WCP) | 
Bt (F) 633 | | jel vr Ye 
MnBi(*) | 4.286 |  1.427t (Fe) 483 440 | 3.95 | Se a(S eae 
* with super structure tT with considerable temperature dependence 
# MnP type structure on axial ratio 
(d) with lattice distortion (A) antiferromagnetic 
a,c. lattice parameters of origenal NiAs structure (F) ferromagnetic 
at room temperature (Fr) ferrimagnetic 
(WCP) weak, constant paramagnetism (D) diamagnetic 


In this Table, the crystallographic and magnetic data are mainly quoted from M. Hansen, “ Con- 


stitution of Binary Alloys” (McGraw-Hill 


Book Company Press, 


U.S.A., 1958) and T. Hirone 


“LANDOLT BORNSTEIN, 6 Anflage, Il Band; Magnetische Eigenschaften” (Springer Verlag. 
Press, Géttingen, 1962) and some of them are due to the unpublished works in Professor Hirone’s 


Laboratory. 
T:, Tw Curie, Néel temperature 
Op paramagnetic (asymptotic) Curie temper- 
ature 
magnetic moment per atom 
effective magnetic moment 


Px 
Petr 


assuming that the transition metal elements 
have ionic constitution concerning 3d-electrons 
taking account of some contribution about 
the orbital magnetic moment, and that the 
partners of metallic elements, the VI-th group 
and the V-th group elements, are divalent and 
trivalent anions respectively. 

‘In a NiAs type crystal structure as shown 
in Fig. 1, the magnetic ions form a simple 
hexagonal structure and the non-magnetic 
ions a close packed hexagonal structure. If 


(N.D.) neutron diffraction study 

*.(°K)--< easy axis of magnetic moment: 
parallel to c-axis at low temperature and 
perpendicular to c-axis at high tempera- 
ture and its transition occurs at (°K). 


we consider the exchange interactions of the 
direct and super types among the metallic 
ions on the simple hexagonal lattice site, it 
is necessary to consider even the interaction 
of the third neighbour. Then, to express the 
energy of the system, the simple hexagonal 
lattice should be divided into at least six 
sublattices as shown in Fig. 1. In this case 
three equivalent sublattices were chosen for 
every two triangular lattices on adjacent 
planes in the hexagonal layer, and then tak- 
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ing the three exchange interactions as above 
into account, the following four types of 
magnetic superstructures® can be stabilized*, 
which are also shown in Fig. 1, that is, three 
types of antiferromagnetic (first, second and 
third kind ordering) and a ferromagnetic 
structures. The first kind ordering is an 
antiferromagnetic structure with an anti- 
parallel spin arrangement between adjacent 
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the second kind ordering is a triangular anti- 
ferromagnetic structure, where spins on the 
three equivalent sublattices of all the hexa- 
gonal layers make an angle of 120° to each 
other and the third kind is also a triangular 
structure, but the spins on adjacent layers 
orient antiparallel directions to each other. 
According to the molecular field approxi- 
mation, Curie and Néel points for the arrange- 


hexagonal layers and parallel within the layer, ments mentioned above are given as follows; 


Te=(C/6)(—A1— Az— As) , 
Twi=(C/6)(Ai—Az2+As), for 1st kind of antiferro. structure, 
Tw2=(C/6{ —Ai+(A2/2)+(As/2)} , 
Tws=(C/6){ Ai +(A2/2) —(As/2)} , 


where C=Neg?p?S(S+1)/3k is the Curie Weiss constant and An=(6/N)2znJn/g7p4p’, (n=1, 2: 
or 3), is the molecular field coefficient due to the exchange interaction between the first, 
second or third neighbouring atome respectively. Jn takes the positive sign for an anti- 
ferromagnetic interaction. Also the paramagnetic Curie point 6; for each magnetic structure 
is given by 0:=(C/6)(—A:1—Az— As), ¢@=f,1,2,3); and 0:/T; takes the value of —1 to +5. 
In the triangular antiferromagnetic structures with second and third kind ordering, it 
should be noted here that the anisotropic character of antiferromagnetic susceptibility is 
different from that of the lst kind antiferromagnetic structure mentioned above in which 
parallel and perpendicular susceptibility, y, and 7,, is expected to be y/(0)=0 and y,(7T)= 
2(A:1+ As)-"!=a constant below Tw. For the two types of triangular antiferromagnetic struc- 
ture, defining y,; and y, the susceptibility parallel and perpendicular to the plane in which 
the triangular spins are lying, the following temperature dependence of susceptibilities is 


for ferromagnetic structure, 


@>) 


for 2nd kind of antiferro. structure, 
for 3rd kind of antiferro. structure, 


easily obtained: 
For the 2nd kind of ordering; 


yw (T ) =x (T )=6{(3A2/2)+ (2A3/2)}-!=a constant below Ty: , 


for the 3rd kind of ordering; 
4 (0) =6{4A14+ (3.A2/2) —(A3/2)} 
and 


1(T)=6{2A:+(3.A2/2)+(As/2)}-!=a constant below Tws , 


where, 7,(0)/7,(0) takes the value from zero 
to one in the stable range of the third kind 
of ordering. A:, A: and A3 can not be de- 
termined from the observed values of Ty, 0; 
and y(Tw), because the expressions for these 
quantities described above are not independent 
to each other. 


§3. Magnetic Anisotropy Energy due to the 
Dipole-Dipole Interaction 


A part of the anisotropy energy comes from 
the magnetic dipolar interaction of metallic 


* In NiAs structure, if we take the interactions 
of more than the third neighbouring lattice point, 
there is a possibility of stabilizing other types of 
ordering including the screw arrangement. 


(2) 
, xu(Tws)=yx1(Twa) , (3) 


(4) 


ions in the crystal lattice, which is calculable 
from the dipolar sum about the lattice for 
each type of magnetic superstructure as 
mentioned in the previous section. In this 
case the anisotropy energy is expressed by 
Kpcos?3. In the case of the ordering of 
ferromagnetic and antiferromagnetic lst kind, 
# stands for an angle between c-axis (trigonal 
axis) of this crystal and the direction of mag- 
netic moment, whereas in the cases of anti- 
ferromagnetic 2nd and 3rd kinds, it means an 
angle between the c-axis and the plane in 
which the triangular antiferromagnetic order- 
ing is formed. Within the plane formed by 
the triangular spins, anisotropy energy can 
not be produced from the magnetic dipolar 
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Table II. The dipolar anisotropy energies for each kind of ordering and 
crystal field coefficients as a function of axial ratio. 


Dipolar anisotropy energies (cm-!/ion) | Crystal field coefficients 
eee SS _ ip Sessinl st ‘ ee 2 ee Aw Po | be ead ae =e we ez 
li | \| 
¢ Sez E swt ee UN weak | 49 S43 
| | = «10-5 | «10-8. || 1058 
ia | Ist 2nd 3rd lst 2nd 3rd A See | = 
_ FerTo. kind kind kind 8° | kind kind kind tpg ee a wre ag 
1.2] —6.96 |9.70 —11.3 7.67 | —31.9 | 44.5 —51.8 35.2. 5.67 | —3.90 | 79.5 
3. 4.7 | 8.51 — 8.55 5.47 | —21.9 | 39.1 39.2. 25.1 | 4.07 | =2.65 | 74.5 
1.4 | —3.36 | 7.52 — 6.87 4.17 | —15.4 | 34.5° 231.5 19.1] 2.77 | —1.87 | 67.5 
1.5 | —2.20 | 6.87 — 5.58 2.98 | —10.1 | 31.5 —25.6 13.7 | 1.81 | 1.45 | 60.5 
\ | | 
TOeW 51,90 | 6.23 4.63; 2.12) 6.24 |. 2878 “24213 9.73.1 For 1704 |"'5a:8 
1.65 | —1.06 | 6.10 — 4.25 1.78 | — 4.87| 28.0 —19.5 8.16 || 0.668 | —0.916 | 50.5 
7 —0.811 | 5.99 — 3.91 1.47 | — 3.72] 27.5 —17.9 6.73 || 0.320 | —0.820] 47.5 
1.8 | —0.389|5.80 — 3.32 0.899 | — 1.79} 26.6 —15.2 4.12) —0.284  —0.677| 41.4 


The dipolar anisotropy energy for given ordering, K Dp, On K Djs is calculated from D,(c/a) or Di(c/ayp 
as follows: 
Sy f , S) 
Kp;=Di xX ast cm-! per ion or Ky, =D' ESE erg per cm? , 
where a (lattice parameter) is taken in A-unit. 


The crystal field coefficient, A,™, can be obtained from A,"(¢/a) as; 
AY= S629 X cm! (A)-2 and A,?3=.7,9.3x os cm7? (A)-* , 


where y means ionic valency for given substance and a is taken in A-unit. 


Table III. Dipolar anisotropy energies of NiAs type compounds. 


Substance | gS Magnetic ordering | D; (cm-'/ion) | D,! (erg/cm?) 
NiS 2 (X) 1st kind* 0.65 7.5 108 
CoS 1 (Xx) 1st kind* 0.17 2.1106 
FeS | 4.26 (X) 1st kind* 2.6 2.8xX 107 
VS 3 (X) 1st kind* | 14 deexal Ot 
CrSe 4 (Xx) 3rd kind* 0.67 e108 

4 (Xx) 1st kind* | 2.0 1.8x 107 
VSe 3 (Xx) 1st kind* 2 1.2107 
MnTe 5 (g) Ist kind* Vay fe ox 10% 
CrTe | 2.4 (ms) ferro 0.15 1.1108 
MnAs 3.4 (ms) ferro 0.44 | 3.9 x 108 
MnSb 3.53 (ms) ferro 0.55 3.5 108 
MnBi 3.95 (ms) ferro | 0.61 3.5.x 108 
CrSb 4 (Xx) 1st kind 1.9 1.3107 

PaTEAOS( 3 DY) 1st kind 0.86 BaoxlOe 


gS’ were determined from the data of the paramagnetic susceptibility (x), the saturation magnetization 
(ms), g-value (g) and the neutron diffraction analysis (N.D.). 
* in the column of magnetic ordering is one of the structure assumed. 


interaction itself. sphere of radius 4a with a small percentage 
The values of dipolar anisotropy energy for error. 

the above four kinds of magnetic ordering The anisotropy energies, at the absolute 

can be obtained as a function of the para- zero of the temperature Kni(0), are obtained 

meter c/a by use of the direct sum method by using the followihg formula: 

for the magnetic moments contained in the Kni(0)=Di gs)*/a? cm-‘/ion , (5) 
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Dpi’(0)= Di gs)?/a® x 10° erg/cm® . (54 
In these expressions, the A-unit is taken for 
the lattice parameter, a, and the factors Di 
and Di’ (i=f,1, 2,3) are shown as a function 
of c/a in Table IL. 

Within the range of axial ratio, c/a=1.2~ 
1.8, the obtained results show that the easy 
direction of magnetic moments is along the 
c-axis for the ferromagnetic order, (Knys<0), 
and in the c-plane for the antiferromagnetic 
Ist kind, (Kn:>0); and the easy plane of 
triangular spins is parallel to the c-axis for 
the 2nd kind*, (Kn:<0), and perpendicular to 
the c-axis for the 3rd kind (Kns>0). In Table 
III, the values of Kni(0) for several magnetic 
substances witha NiAs structure are estimated, 
based on the observed and assumed magnetic 
structures. At finite temperature, the dipolar 
anisotropy energy is proportional to the 
square of the average sublattice magnetization, 
<S»>?, then its temperature dependence is 


Vin) = A2°(3z2— 1?) + Aa9(352z4— 30227? +. 374) + Aa22(x3 3x?) , 


where A.”’s are the coefficients of the crystal field. 
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given by Kn(T)=Kon(0)<S>?/S?. 


$4. Magnetic Anisotropy Energy due to the 
Spin-Orbit Interaction 

Based on knowledge about the energy levels 
for each kind of magnetic ion with 3d” (”= 
1,2, ---,9) electron configuration in the crys- 
tal field of NiAs type, the magnetic aniso- 
tropy energies concerning with the spin orbit 
interaction for each system are obtained from 
the stand point of one ion approximation. 


(A) Energy levels and matrix elements of 


(L-S) : 
(1) Energy levels for each state with 3d” 
electrons 


In a NiAs crystal structure, the crystal 
fields acting on 3d electrons of a cation con- 
sist of the second and the fourth order fields 
from the surrounding simple hexagonal cation 
lattice and close packed hexagonal anion 
lattice, which can be expressed as follows, 


(6) 


In Table II the values of Av™ are 


shown for c/a=1.2~1.8, which are obtained by the direct sum method within a sphere of 


radius 4a. 


The result shows that the uniaxial part of the crystal field coefficient, A»°, in 


NiAs structure changes its sign at about c/a=1.7, while this change occurs at c/a=1.63 
when a cubic crystal receives certain trigonal distortion. 


Now the lowest multiplet of free magnetic ion with 3d” electron configuration is denoted 


as follows, 


od De 3q° 0 


3d‘ 5—, 3d° ps for the D-state , 


Od 2P, 3a Ar 


3d° 4F. 3d8 a for the F-state 


and 3d° °S, respectively. For the basal wave function gm, (L, m) is taken as (L=2, m=+2, 


+1, 0) for the D-state and (L=3, m=+3, +2, +1, 0) for the F-state. 


The S-state (L=0) 


is not affected by the crystal field, since its wave functions have the nature of spherical 


symmetry. 


Based upon the above set of wave functions, the matrix of crystal field V can be derived 


by Vow =| en Vir ew dr, then the eigenvalues and eigenvectors of the system can be ob- 


tained as E=CVC— and ¢=C¢ respectively by finding the transformation matrix C. Matri- ] 


ces, V and C for each D- and F-state are shown in Appendix I. 
ings will occur under the influence of the crystal field shown above. 


For the D-state it is given as follows; 


{ Ev=2A+6B 


FE, =(A—4B) sin? 0+(—2A+ B) cos? 0—2C sin @ cos @ (doublet) , 
E2=(A—4B) cos? 0+(—2A+B) sin? 0+2C sin 6 cos 0 (doublet) , 


with 


The following term splitt- | 


(singlet) , \| 
(7) 


* In the second kind ordering, weak ferromagnetism occurs parallel to the c-axis due to the un- 


balance of triangular spins. 
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tan 20=2C/(3A—5B) (0<0<n), (8) 
where 


A=+(2/7)A2<r?> , 
B=+(8/21)A.<r'*> , (9) 
CS ZeAwr. 

the double sign corresponds to the state of (3d'!, 3d°) and (3d‘, 3d°) respectively, and <r7?> 


and <r*> are the average values for v2 and r! concerning the 3d-wave function in the crystal. 
For the F-state it is given as follows; 


Fvu=5A’+3B’ (singlet) , 
E:=(—4A’+6B’) sin? 0:+(5A’+3B’) cos? 6:—61/10 C’ sin 6: cos 0: (singlet) , 
E2.=(—4A’+6B’) cos? 0:+(5A’+3B’) sin? 6.+61/10 C’ sin 6: cos @: (singlet) , (10) 
E3:=(—3A’+B’) cos? 6:—7B’ Sin? 62+ 21/10 C’ sin 62 cos 62 (doublet) , 
\ Es=(—3A’+B’) sin? 62—7B’ cos? 62— 27/10 C’ sin 62 cos 62 (doublet) , 
with 
i 20,=2V 10. C8" 64 (0<0:<z) , ay 
tan 202.=2// 10 C’//(—3A’+8B’) (0<6:<z), 
where 


A’ =+ (2/35) A2<r> , 

B’=+ (8/21) Aer» , (12) 

C’=+(2/105) Ar) , 
and the double sign means the states for (3d?, 3d’) and (8d?, 3d*) respectively. Sometimes 
the admixing of the P-state‘).») is important for F-state such as the influence of the ‘P-state 
on the ‘F-state, but for brevity the P-state is not considered here. 

In Fig. 2 an example of energy levels for each D-state (3d', 3d*) and the F-state (3d?, 3d’) 
is shown as a function of the c/a-value, where relevent values, of <7?>=1A2, <r4>=1.5A4 
and a=3.5A, are taken. Also the inversed energy scheme holds for the case of the D-state 
(3d+, 3d°) and the F-state (3d*, 3d°). 

As seen from the Figs. 2p and 2,, the lowest state for the electrons configurations 
3d! and 3d® is the orbital singlet (Ho) or the doublet (£2) depending upon whether the 


ik (1?) = | ig 
15 (r4>= 15" 
a =3,5A eee 
cm 
10+ . zol 2 2 
(r= 1K 
3 E, «r4) = 1.5 At 
fo eS 
A mI 3.5 
fee oma 1 oes LS 


(C/d)o 


-5+ 
-10+ — Orbital doublet. 
— Orbital singlet. 
= key 
—— Orbital doublet. 
(C/d)o — Orbital singlet. 
-20; 


slo 


Fig. 2p. The energy levels for D-state in the Fig. 27. The energy levels for F-state in the- 
NiAs type crystal fields. NiAs type crystal fields. 
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c/a-value is smaller or larger than a certain c/a-value, (c/a)o, which depends on the value 
<r) and <r*) and takes the value 1.73~1.67 for the range <r*>/<r*)=0.5~2.0 in A-units. 
For the 3d‘ and the 3d?, the lowest state is always present at doublet level Zi. For 3d? 
and 3d’, the lowest state is singlet E. for c/a=1.33 and doublet FE, for c/a<1.33 in the 
range of <r*)/<r?>)=0.5~1.5 in A-units. For 3d? and 3d* the singlet state E» is always 
lowest, and the next lowest level is the singlet H. or the doublet Es and the c/a-value where 
two levels cross each other takes 1.73~1.69 for the range of <r*>/<r?>=0.5~1.5. This 
relative position of the next lowest two levels plays an important role for the anisotropy 
energy of this configuration as will be mentioned in later pages. 

(2) Matrix elements of A(L-S) 

The matrix elements of 2(L-S) among energy levels of the D- and the F-state mentioned 
above are obtained by the transformation of the matrix element of (Z-S) in the free mag- 
netic ion with C and the results are given as follows; 

Cy(L-S)pCp1= 


0 —V 3/2 cos as- | Vaz ia 092 | —1/3/2 cos 0S+ |_/3E sin es | 

1 |-a/3) cosss+| (leasintass | 3.008 sin eOAnegees terete sam 

2 | V3]E sin'@S+ —3.cos 0 sin 0S. ‘(1-3.c0s? 0S; \ . =86 2 heeagem (13) 

1|-VrcoseS=| 1 | MUSE = .eeintomtigwhsiscesy sini 

2|-V9Esines-| s+ |.  |—8cosesines, | @costo—15, | 
for the D-state, aes - ¥ . 4 ; : ; = ie guie aldaoh re 
AES) 2C se ieuttal ait ey Noles ot OS abe 

0 —-3cos@S: | 3sin&iS: 1/3] sin #sS- —1/3]A cos 0.5- 

i een | o secDint, TNT 2a VF al6s,6)S- V3 B61, 02)S- 

2) 3sin 4S. | es | V8 (61, 0,)S- VF d(O:,0)S- 


| 


3 |-1/3/4 sin@2.S+) V3 a(1,02)S*+) V3 c(@1,02)S+ (1—3 sin? 02)Sz |—3 cos 62 sin 02S: | 


A | —1/3/4 cos0:S+, 1/3 b(1,02)S+| V3 d(0:,02)S*+ —3 cos 02 sin 02S:, (1—3 cos? 62)Sz_ 
ao -: = SV = = a ma = a = c= = > rae aes FI 


Bi 13/4. sin 0:S~ V3 a(6:,62)S-)- V3 C1, 02)S-| SV ee * 


4-1/3] cos 6:S- VS W(O1, 6.)S- VB d(O1,0)S-| —V/5IES* | 


aS ee ~] 
V 3/4 sin 0.S+ |—1/3/4 cos 62S+ 


V 3 a(61,02)S*|—V 3 (01, 02)S* 


| V3 c(A1, 62)S* —V 3 dh, O2)S* 


1/5 8S (14) 


V5] s- 


eosin: 62—1)S; 3! cos 82 sin 62Sz 


'—3 cos 62 sin 62S. 


(3 cos? 62—1)S, 
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for the F-state, with 
a(1, 2)= —sin 4: cos 02+2-! cos 6: sin 02 , 
b(6:, 02)=sin A: sin 62+2- cos 61 cos 02 , 
C(A1, 02) =CoS A: cos 62 +27! sin A: sin 02 , 


d(@:, 02)= —cos #1 sin 62—2-! sin 0: cos 02 . 


(15) 


The above results show that the singlet term in the D-state, Ey), has no orbital angular 
Momentum with the exception of those which occur through perturbations among higher 
energy levels, however the doublets, Ei: and E2, have the orbital angular momentum which 
is given as, /{E£i:)=+(1—3sin? 6) and /{E2)=+(1—3cos? 6), respectively. J(E:) and 1-(E2) 
take the value +1 to +2 for the change of c/a. On the other hand, for the F-state the 
non-degenerate levels, Eo, E: and E:, have no angular momentum and the degenerate levels, 
Es and Es, have the angular momentum given by /(E.)=+(1—3sin? 62) and J/(E3)= 
+(1—3 cos? 62), respectively, and each value takes +1 to +2 for the change of c/a. The 
values of /.(E;) for the degenerate D- and F-states in the NiAs type of crystal field and also 
the one in the cubic crystal with the trigonal distortion are shown in Fig. 3 as a function 
of c/a and <r*>/<r?>. 


LO 
2(E) _— — — 22%Es) 
= $z (Ea) 
w 
ne 
=LO 
Jz(es) 
+ ore 
2z°(Ee) — 12°(Ea) 
2.07 


Fig. 3p. The orbital angular momentum, 1,(K%), Fig. 37. The orbital angular momentum, 1,(E;), 


for D-state as a function of c/a and <r4>/<r2>. 


--- 1,{H;) for cubic crystal with trigonl dis- 
tortion. 

— 1E;) for NiAs type crystal. 

The figures beside the curves mean <r*>/<r?> 

(in A-units). 


for F-state as a function of c/a and <r/Kr2>. 


--- 1,(H;) for a cubic crystal with trigonal 
distortion. 

— 1,H;) for NiAs type crystal. 

The figures besides the curves mean <r4>/<r2> 

(in A-unit). 


“B) Uniaxial magnetic anisotropy energy 
‘Based on the results of the matrix element of 4(L-S) obtained above, the anisotropy energy 
can be obtained by means of the perturbational calculation or by considering the spin levels 
‘with an adequate approximation for each lowest energy state of given electron configuration. 
(1) Case of non-degenerate ground state 

In this case, the uniaxial anisotropy energy can be obtained from the usual second order 
‘perturbation method®, and the results are given as follows. 

For each of D- and F-states, the anisotropy energy at absolute zero, K(0), is given as 
follows: 

sd° =D 

Baars for t/¢ctdas! | 416) 


K(0)=322{ (cos? 0/4E1)+ (sin? 6/4E2)}S(S —(1/2)) . 
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In this case K(0) always takes a positive value, hence the easy axis of spin lies in the c- 
plane. 

oD 
In the case, S=1/2, no anisotropy occurs from the above perturbation. 

3a° *F and 3d* +h 


Eos=E2 f 
K(0)=342{(2/4E3)(cos 4: CoS 62+2- sin ™1 sin 62)? (17) 
+ (2/4Es)(—cos 61 sin 62+2— sin 4:1 cos 62)? —(3/4Eo)-sin? 01}S(S —(1/2)) . 


The first and the second terms give positive contributions, whereas the third term a nega- 


tive contribution to the anisotropy coefficient. The sign of A(0) and its magnitude depends — 
upon the axial ratio of the crystal as shown in Table II and the average value of <7*?> and J} 
<r*>. The (c/a):-value where K changes its sign depends on the relative position of the | 
energy states, Ey and £3, and takes a larger value than 1.63 within the range of values | 
<r*>/<r?>=0.5~3.0 (in A-units). Then the results are as follows; if c/a<(c/a):, the easy y 


axis coincides with the c-axis (K<0), and if c/a>(c/a):, it lies in the c-plane. 
3a *F and sa* *i 


Eos=Ex, for clas(clao., | 
K(0)=322{(2/4E3)(—sin 41 cos 62 +27! cos #1 sin 42)? (18) 
+ (2/4E4)(sin 6: sin 62+27 cos @1 Cos 82)? —(3/4Eo)cos? 6:}S(S—(1/2)) . 


Here, each term of this expression has the same meaning as the above case of 3d* *F and 
3d? *F. In the present case, however, FE; is smaller than &) and E3, hence as a whole the 
anisotropy coefficient K(0) takes a positive value. 

It can be considered that the influence of some mixing of the P-state does not change. 
the qualitative characteristics of the anisotropy energy. For the case, 4En~’, the above 
perturbation method can not be allowed. 

The temperature dependence of uniaxial anisotropy energy is given by putting <S2>™ in. 


place of S(S—(1/2)) in (16), (17) or (18). Also the directional dependence of this type aniso- | i 


tropy energy obtained from the second order perturbation method has the form K cos? 2. 
(2) The case of degenerate ground state 
When the ground state has orbital degeneracy with the non-quenched orbital angular 
momentum, spin and orbital momenta are coupled directly by spin-orbit interaction. In this 
case the c-axis in the crystal becomes the easy direction of magnetization, since the angular 
momentum contained in the ground state has only the z-component, /,, the values of which 
are shown in the previous paragraph. : 
By way of the first approximation, as was shown by Slonczewski”, taking into account the: 


(2S+1) spin levels in the degenerated lowest orbital state, which is split by the exchange: 


interaction and spin-orbit interaction of the system, the energies of this spin level are given. 
as follows, 


Evy m,(0)=—V Gz Sd" + Aly —2Oz (SAL, COS B mes , (19). |W 


with ms=S,S—1, ---, —S 


? 


where # means an angle between the trigonal axis and the direction of quantization axis of | 


we kT 

Ol = By Chee 

2 E ( 22.J<S> ) 
> exp| ——-.-—_™; 


= kT 
<S> approaches <S>* at T~T7, and vanishes at T=T>. 


8 2: 
 S mexp (ee ms) 


"Poy 
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spin. Based on the energy levels shown in (19), the expression of free energy of the system 
(per ion) at finite temperature is given as, 


F(8, <S>)=(1/2)22J<S)?—RT In [2 exp{—En,1,(0, (S>ykT} | (20) 


If <S> is determined as a function of angle » and temperatures from the equation, dF/0<S> 
=0, the above expression of free energy F(v, 7) gives the anisotropy energy as a function 
of # and 7. For the case of 2zJ(S>> |dl.|, Em,if{0)= —(2zJ<S>+Alz cos 3)ms, therefore, <S> 
can be approximated with the Brillouin function, and also the anisotropy energy for each 
state can be approximated as follows, except when T is near Tc, or Ty. 


F(a, T)=—RkT In {cosh (al2S cos 8/kT)} . (21) 


At absolute zero, this expression gives the anisotropy energy —|4l,Scos¥|. On the other 
hand, at the temperature near the Curie or Néel point, (|A/.|> 2zJ<S>), the above expression 
of anisotropy energy takes the following form; 


FO, T)==—al2zfKS>)? cos? 3/kT , (22) 


where a takes the value 1/8, 1/3, 5/8 and 1 for each state of S=1/2, 1, 3/2 and 2 respec- 
tively. 

In this case the anisotropy energy can not in general be expressed by the form K cos? ¥. 
The anisotropy energy of this type changes with |cos | at low temperature (kT <|dl,|), the 
amplitude being proportional to |2/,S|. At intermediate temperature (|Al.|<kT<kTc.w), the 
amplitude is proportional to (4/.)*/kT, then it vanishes at the transformation temperature with 
the form given by (22). For the case of 2z/<S>~|Zl,| the qualitative behavior of the aniso- 
tropy energy does not change. In some cases, also the anisotropy energies produced by the 
perturbation from higher energy states, such as given in the preceding part, exist. How- 
ever, the discussion about this term is omitted here. 

It is to be noted that the saturation magnetic moment in this case has an angular de- 
pendence, which is given at absolute zero of temperature by pvp(2S+/.|cos 3|), where sign + 
corresponds to 2S0. 

(3) Other origins of magnetic anisotropy energy 

For one of the origins of magnetic anisotropy energy, one due to intra spin-spin inter- 

action is to be taken into account, which is written as the following expression®, 


—p{(L-S)?+(L-S)2—L(L+1)S(S +1)/3} , (23) 


where p means the coupling constant. The uniaxial anisotropy energy, Kp, originating from 
the first term is obtained from (L-S)? as a first order perturbation. Though the value of @ 
is much smaller than that of 4 (Table IV), the contribution due to the intra spin-spin term 
in some cases can not be neglected, since the anisotropy energy is produced by the lower 
order perturbation treatment. The anisotropy energy Kp is given by use of the transfor- 
mation matrix C as 


K,(0) =e —p[C LL 2 S PCN oroand state - (24) 


For each D- and F-state, the coefficient of anisotropy Kp, at absolute zero and the direction 
of easy spin axis are given as follows: 


D-state 
E>» ground state 
K,(0)=3eS(S—(1/2)) , in the c-plane ; (25) 


&; ground state 
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K,(0) = —(3/2)0(1—3 sin? 0)S(S—(1/2)) , along the c-axis if sin? 0<1/3, 
in the c-plane if sin? @>1/3 ; (26) 


E; ground state 
K,(0) = —(3/2)e(1 —3 cos? AS(S—(1/2)) , along the c-axis if cos*?@<1/3 , 


in the c-plane if cos? @>1/3 ; (27) 
F-state 
E; ground state 
K,(0) =6p(1 —(9/4) cos? 01:)S(S—(1/2)) , along the c-axis if cos? #i>4/9 , 
in the c-plane if cos? 0<4/9 ; (28) 
E: ground state 1 
K,(0) =60(1 — (9/4) sin? 0:)S(S—(1/2)) , along the c-axis if sin? 0:>4/9 , 
in the c-plane if sin? 4:<4/9 ; (29) 


E, ground state 
K,(0) =(9/2)e sin? 62S(S —(1/2)) , in the c-plane. (30) 


The temperature dependence and the angular dependence of this kind of anisotropy 
energy, K,(T,#), are the same as in the case of one caused by the spin orbit interaction 
for the non-degenerated state. 

On the other hand, in a system with the state S=1/2 (3d', 3d°), the anisotropy energy 
due to the anisotropic exchange interaction is important’. However, we will not discuss 


Table IV. The easy directions of magnetic moment due to the spin orbit interaction and the intra 
spin spin interaction with trigonal distortions for 3d” electron poniguration. 


| Spin Orbit binteraction? B Tate spin spin gate motor’ . 

HST castes | arms 95%) | oo<ctons | cle>tows 
a 68 ae i or i | 
sat 108 (v4) i) — O94 (vee) zaixivo (sinta ><) f 
wo | sel 4 Hw ee 
uw) SED) ft [occ poop Se {eed (sinte>2) <— (sintoc) | 

4 aie . bs ae GA Ahi oh sie) Sei) lal 

3a° | —100 (Fe?+) ms i] 0.95 (Fe?+) Ji costo > et 
at | —180 (Co?+) i] | = repeals T gr a7 (cute) f 
ads | —335 ies) | | Dance OL Be wits) fests 2) } (oo 
3d9 —852 ey | | ‘ 


ft and <: The easy axis of magnetic moment is parallel and merpenaicaiee to the trigonal axis as 
for the lowest non-degenerated orbitals. 
f: The easy axis of magnetic moment is parallel to the trigonal axis as for the lowest 
degenerated orbitals. 
<- and *: The easy direction of magnetic moment due to the anisotropic exchange interaction for 
the cases J/2>Al, and J/2<Al, respectively. 
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‘this case here, because such a substance does not appear in NiAs type compounds. 
In Table IV, the easy direction of spin in a NiAs crystal structure is shown in conclusion 


for the various electron configurations and the axial ratios in conformity with the results 
‘as discussed above. 


(C) The anisotropic characters of g-factors 
According to the results of Pryce®, g-factors 8ex=Lyy =a, Yu=Le and Lry=Ly2=L2r=0 
in the ground state with non-degenerated orbital are expressed as follows: 


{1) D-state (3d', 3d*) with Eys=Eo for c/a<(c/a)o; 
£.=2—6A{(cos? 6/4E:)+ (sin? 6/4E:2)} , ae (31) 

(2) F-state (3d°, 3d*) with Eys=E:; 

¥a=2—12A{(cos 41 cos 62 +27! sin 6; sin 02)?/4E3+(—cos 6:1 sin 02+2-! sin 4: cos 62)?/AE4} , 

Le=2—18A(sin? 61/Eo) , (32) 
X3) F-state (3d‘, 3d?) with Eys=E: for c/a>(c/a)o; 

Sa=2—122{(—sin 4: cos 62+ 27 cos 4: sin 42)?/4Es+(sin 4: sin 62+2-! cos 1 cos 02)?/4Es} , 

Se=2—18A(cos? 61/4Eo) . (33) 


When the ground state of the system has an orbital degeneracy, the above formula for 
the g-factors does not hold, since the thermal average of angular momentum of the system 
has a temperature dependence on account of 4l,~kT at ordinary temperatures. Hence it 
‘can be shown that the inverse susceptibility in this case does not obey the Curie-Weiss law 
but has a concave curve for the temperature axis in the case of 4>0 and a convex one in 
A<O. 

(D) Anisotropic susceptibility above the transformation point 

The anisotropic character of magnetic susceptibility above the Curie or Néel point is given 

by high temperature expansion of the effective spin Hamiltonian’. For the non-degenerate 


ground state, including the term due to the dipolar interaction, it is expressed af follows, 


Ao— a= (Darerxa/2Ng* 4p”) —(Ce—Ca)(T +9) —Dyv{4S(S+1)—3}/10kT , 


‘where zp, g and C.—C, are given aS ¥o= 
(yet 2yo)/3, g=(Ket2Za)/3 and Ce—Ca= 
(Npyp?/3R)S(S +1) ge? Za?) respectively. In the 
above expression, the first term originates 
from dipolar interaction, the second from the 
spin-orbit interaction and the last from both 
‘spin-orbit and intra spin-spin interaction. 
Usually the second and the third terms are 
larger than the first for the D- and Fstate, 
while the first term is important for S-state. 
If the contribution of each term in the above 
expression is separately estimated from the 
experimental data of paramagnetic suscepti- 
bilities above the transformation point and 
the knowledge on the anisotropy energies as 
discussed above, it is possible to determine 
in principle the values, Za, ge and D em- 
pirically. In the case with a degenerated 
orbital state, y-—z%a Can not be expressed by 
ithe above simple form. 


(34) 


§5. Explanation of the Experimental Results 


Recently, the various magnetic properties 
including the magnetic anisotropy energies 
and the magnetic susceptibilities in several 
compounds with an NiAs structure were made 
clear. These experimental results will be 
illustrated, based on the theories developed 
in the preceding paragraph. 

(A) Nickel sulfide 

According to Tsubokawa’, NiS with the 
NiAs structure was found to be antiferro- 
magnetic with the Néel point at 150°K. Its 
ionic constitution of the metal ion can be 
regarded as Ni?+ ion as shown in Table I. 
Since zc is found to be larger than 74, the 
easy axis of antiferromagnetic spin lies in 
the c-plane below the Néel point. 

Above the Néel point, using the magnetic 
data obtained by Tsubokawa, ye—xa iS given 


2200 Kengo 
by Eq. (34) as follows, 
Yo—Ya= —2.83yn? +( Be? — La? (T + 3000)* 
2.75 X10-?+0.5Dyp/kRT per gram. (35) 


According to his experimental data, the first 
term in the above expression can, be neglected 
as compared with the other two terms. Also 
the temperature dependence of ye—ya in the 
measured result by Tsubokawa can well be 
reproduced by putting gc?—g.?=0.005 and D= 
0.59cm-! per ion. In this case D is con- 
sidered to consist of the terms of the spin- 
orbit interaction and intra spin-spin interac- 
tion, and the fact, ye>ya above 7w, means 
that the anisotropy energies due to those 
origins have the easy axis parallel to the c- 
axis, then we have a value of anisotropy 
energy due to the above two origins at abso- 
lute zero as, K(0)=—DS(S—(1/2))=—0.3 cm“ 
per ion. 

Now, if we assume the first kind antiferro- 
magnetic ordering for this compound, the 
anisotropy energy due to the magnetic dipolar 
interaction takes the value, Kn=0.65cm7! 
per ion with an easy axis in the c-plane as 
shown in Table II. On the other hand, the 
anisotropy energy due to the spin orbit inter- 
action and the intra spin-spin interaction can 
be calculated from Eq. (17) and Eq. (29) re- 
spectively. If we apply the relevant crystal 
field to this substance, which is obtained from 
Table II with the value c/a=1.56 and takes 
the order of magnitude 1A? and 1A‘ for the 
value <7>> and <r‘> respectively, the aniso- 
tropy energies due to both origins have a 
negative sign as directing the spin along the 
c-axis. In our calculation, however, it is 
necessary to take a smaller value for 4 and 
o as low as a few tenth in the free ion state 
to give the order of the observed anisotropy 
energy obtained above. 

Consequently, from the above estimation of 
values, K and Kp, it can be understood that 
the anisotropy energy due to dipolar interac- 
tion is preferential, and hence below Ty spins 
lie in the c-plane. 

It is to be noted here that the easy axis of 
spin in VS and VSe! is possible to predict 
from the above consideration, though their 
anisotropy energies have not yet been meas- 
ured. Since the orbital state for both 
Ni?*+(3d° °F) and V?+(3d?‘F) ions in a given 
crystal field has the same energy level scheme, 
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it can be expected that the spins in these: 
substance lie in the c-plane according to the: 
same reason as described above. 


(B) Iron sulfide and selenide; Fe:Ss and Fe:Ses. 
It was found that the easy axis of magnetic: 
moment for the ferrimagnetic compound 
Fe;S;!2) as well as Fe7Ses!®) changes from the 
direction near the c-axis to one in the c-plane: 
with rising temperature (shown in Fig. 4). 
Such change is considered to be due to the: 
spin-orbit interaction of Fe’*+ ion under the: 
peculiar crystalline field of these substances. 

Fe;Ss and Fe;Ses have a pseudo NiAs type: 
crystal structure. In the case of FerSs. 
lattice”, every second (001) net plane com- 
posed of the iron atoms has vacancies, the: 
distribution of which has the period C=4c,,. 
B=2/ 3 a along [001] as well as [110] di- 
rection, and the crystal lattice is accompanied. 
by a small monoclinic distortion. In Fe7Ses,. 
there are two types of superlattice’), one. 
like that of Fe;Ss with small triclinic distor- 
tion and the other like that of the lattice 
constant C=3c without distortion. 

Fe?+ ions on the sites of each sublattice are: 
affected by certain different crystal fields due: 
to the difference of the relative positions of 
surrounding holes and Fe** ions. Thus some 
Fe?+ ions are set in the field corresponding 
to the case, c/a>(c/a) in a NiAs crystal field 
and some ones in the case c/a<(c/a)o, namely 
it can be considered that the Fe?+ ion with 
the hole at the site above it corresponds 
to the former and one with the hole at the 
side site corresponds to the latter, and at. 
the same time they are affected by certain. 
orthorhombic fields due to surrounding holes. 
and the Fe** ions. 

As was shown in the preceding paragraph, 
in the case c/a>(c/a)o and c/a<(c/a)o Fe?+ ion. 
(D-state) in a NiAs crystal field has different 
types of anisotropy energy in connection with. 
their temperature dependence as well as. 
angular one. Then the total anisotropic free 
energy for # can be written by the following: 
form with the approximation, 2zJ<S)S>4, in_ | 
Sais (Alb: 


Fan(8)=— CRT 1n[cosh {2(dlz cos 8+ R)/RT }] 
+c2K cos? 3 , 


where the first term means the anisotropy | 
energy coming from the degenerated orbital 
state with the preferred c-axis, which is split. | 


(36): |f 
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‘by the somewhat smaller orthorhombic field 
‘and its width takes 2R, and the second one 
is the anisotropy energy with the easy axis 
in the c-plane which comes from the pertur- 
bation in the non-degenerate orbital state and 
the magnetic dipolar interaction. c: and c 
‘are the numerical factors for each term. 

The easy direction of magnetic moment is 
determined from dF/d%=0, which give the 
following relation, 

(c2oK(T )/ciAlz) cos 8 
=tanh{2(al, cos 8+ R)/kT}- . (37) 

As will be shown below, it can be con- 
sidered for Fe;Ses that the energy due to the 
orthorhombic field, R, is very small as com- 
pared with 4/.. Then if we take R=0 in the 
above equation, the easy direction at abso- 
lute zero, denoted by (0), is given as 

cos 3(0)=ciAlz/e2K(0) . (38) 

For the case, c:4l,/c.K(0)=1, in the above 
equation, #(0)=0 is given and in this case 
the departure temperature 7) of the mag- 
netization from the c-axis is given by the 
following formula, 


c2K(To)/e:alz=tanh (2Al2/kTo) ° (39) 
Next, the temperature, 77/2, where the mag- 
netic moment reaches the c-plane (#=7z/2) is 
shown as follows, 
RT xj2=2c1(Alz)?/CoK(Tx/2) 5 (40) 
‘Then we have the following relations for 4/. 
by elimination of c:/c. from equations (38), 
(39) and (40); 
Alz=K(Txj2)RT xj2/{2K(0) cos 3(0)} 
for ciAl./c.K(0)<1, (41) 
and 
Ale=(RT 22K (Tx/2)/2K(To)) tanh (241-/kT») 
for cidl,/c2K(0)>1. (42) 
Now K(T) consists of two parts; one due 
to the spin orbit-coupling, which is pro- 
portional to <S.*>, and the other due to dipolar 
energy, proportional to <S>?. However, the 
former has the main contribution for K, 
since JE is not very large as compared with 
2 according to our knowledge of the energy 
level schemes in this system. Therefore, we 
adopt, K(T)«<S.*>, for the following estima- 
tions described below. 
Since 0(0)=20° in Fe;Ses (C=4c)'® the case 
for c:dl./c.K(0)<1 holds, while in FesSes (C= 
3c) the one for c:Al,/c:K(0)>1 holds, because 
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9=0 for 0<T<7T >. The valve 4, for either 
substance can be estimated from experimental 
data as follows: 

Alz=60.5cm-! for Fe;Ses (C=4c) , 
where Txj2=220°K, Tr/2/Tce=0.5 and K(Tx2)/ 
K(0)=0.743 are used; 

Alz=40cm-! for Fe:Ses (C=3c) , 
where Txj2=150°K, T.=100°K and K(T»)/K(0) 
=0.92 are used. The theoretical results of 
0—T relation for either case are shown in 
Fig. 4 and are in good agreement with the 
experimental results. 


100 


Fig. 4. The relation between the easy direction 
and temperature for Fe;Ses (C=4c), Fe;Ses (C= 
3c) and Fe;Ss (C=4e). 

— Theoretical curves. 
©, @,@® Experimental values of Fe;Se; (4c), 
Fe;Se (3c), Fe;Ss respectively. 


In the case of Fe;Ss, #(7)* has the value 
of about 70° at absolute zero and decreases 
continuously, reaching 87° at room tempera- 
ture. So far as the rotation of easy direction 
in Fe;Ss is concerned, the effect of ortho- 
rhombic field, R, can not be disregarded to 
explain the behavior of 0(T). 


* (T) can be obtained approximately from 
Pauthenet’s data of thermomagnetic curves, oc(H, T) 
and o,(H,T), by the following extraporation for 
H: tan 3(T)=00(T looe(T) with oc(H, T)=o0e(T)+ 
XeH and o,(H, T)=oo.(T)—bH-—. (7) thus ob- 
tained is plotted in Fig. 3 together with those in 
Fe,Seg. 
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Now we return to Eq. (37). Its solution at 
high temperature can be obtained easily from 
4/kT expansion, which is shown as, 

(cos 8)-!=(ceK/2cialzR)RT—(Al./R). (43) 
Hence 2 has a temperature dependence with 
smooth changes which is different from the 
cases in Fe;Ses. Thus, the following values 
of Al, and R in Fe;Ss are estimated. 


Az O0s0 Cin wEanGn hy — lO.oieniiee 
for FerSs (C=4c) , 
where Tx/2=100°K, #(0)=72° and a4l,/R=4.33. 
The theoretical curves are shown in Fig. 4 
in good agreement with the experimental 
plots.* 


(C) Manganese telluride 

MnTe shows an antiferromagnetic property 
and Mn-ion in this substance is regarded as 
having the electron configuration of Mn?+(3d°), 
from the data of g-factor (g=2.00)'®, though 
the number of effective Bohr magneton in 
this substance is given by the value 5.10 pp!”. 
Then the main origin of its anisotropy energy 
is considered to be one due to the magnetic 
dipolar interaction, since Mn+ ion with the 
lowest °S-state is not subject to the influence 
of crystal field except one originated from 
certain small perturbation between consider- 
ably higher states. 

According to the data of magnetic suscepti- 
bilities in the single crystal measured by 
Hirakawa'®, y- below the Néel point is inde- 
pendent of temperature and yz, depends on 
temperature and takes about half the value 
of y- at low temperatures, so that it can be 
considered that the easy axis of spins lies in 
the c-plane. From these results the spin 
arrangement of the first kind or the third 
kind mentioned in §2 is available. The re- 
lation y(0)=xz-(0)/2 in the first kind ordering 
can be explained by considering the crystallo- 
graphic domains, such as twins with common 
c-axis, in which spin is fixed along certain 
directions within the c-plane by means of a 
six-fold anisotropy energy in the c-plane, 
though the origin of anisotropy energy of 
this type is not clear at present. Further 
work done by Hirakawa‘® on the behavior of 


* Recently the rotation of magnetic easy axis 
in Fe;Sg has been reported by T. Hihara [J. Sci. 
Hiroshima Univ. Ser. A, 24 (1960) 31] and his re- 
sult seems to correspond to the one obtained by 
Pauthenet. 
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torque curves in the c-plane in a stress- 
annealed sample shows that there is a possi- 
bility of the first kind ordering rather than 
the third one. 

Then if we assume the first kind ordering 
for MnTe, the value of anisotropy energy 
due to the dipolar interaction is given as, 
Ky=2.20cm™/ion or Kpi:=1.46 107 erg/cm’, 
from the Table III in §3. On the other side, 
the anisotropy energy of this type can be de- 
termined from the value ye—7. above the 
Néel point by using the first term in Eq. (34) 
in §4, but no experimental data for it have: 
yet been obtained. 


(D) Chromium selenide 

In the antiferromagnetic substance, CrSe,. 
it is considered that a Cr?+-ion is responsible: 
for their magnetic properties from the data 
of magnetic susceptibility”. On the other 
hand, in conformity with the analysis of 
neutron diffraction patterns Corliss suggested?” 
a possibility of new type of antiferromagnetic: 
ordering at low temperature. This type has. 
an intermediate magnetic structure between. 
the third and the first kind orderings, and 
each spin on the three sublattices in the same: 
layer has the inclination from the c-axis with 
an angle of about 45° (“umbrella structure ” 
according to Corliss). 

As was given in §4, the lowest state of 
the Cr*+-ion in the crystal field of NiAs type: 
is the orbital doublet with the orbital angular 
momentum, /,=1—3cos?@, which introduces. 
an anisotropy energy with the easy direction 
along the c-axis, its order of magnitude being 
—Al-S. On the other hand, the system has. 
the anisotropy energy due to the magnetic 
dipolar interaction which is given by Kop(w) 
as a function of angle, %, between the spin. 
and c-axis. Then, in order that the inter- 
mediate structure between the third and the 
first kind orderings as obtained by neutron. 
diffraction experiment may be realized, it is. 
necessary that the following relation between 
the anisotropy energies and the exchange 
energies holds for the second and third neigh- 
bours at absolute zero, 


COS 3 =Al,S{2-1(222 J2—223 Js)S? + K (do)} . (44) 
Now, Tw and @» in this substance are giver 
by 280°K and —320°K respectively (@,/Tw= 


1.14). Then A: can be regarded as being 
larger than A2 and A; in the expressions for 
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Tw and 6» of the third kind ordering in § 2, 
and also K(¥%) will be given by a small value 
of the order of 1cm~! from Table II. Hence, 
if J, is taken less than one in this substance, 
and 4l, and 22z2J2—2z3J; have values of the 
same order of magnitude, it will be reason- 
able that % takes the same angle as obtained 
from the neutron diffraction experiment. 

(E) Chromium telluride 

As was shown in Table I, CrTe is a ferro- 
magnetic substance with the Curie point at 
330°K?). The moment 2.4 vg?” per Cr is ob- 
tained from the saturation value of magneti- 
zation, while the effective magneton number 
estimated from the paramagnetic susceptibility 
above the Curie point takes a value of 4.08 
4p. According to the results of measure- 
ments by Hirone and Chiba’, the value of 
anisotropy coefficient K is —5x10® erg/cm® or 
—lcm= per Cr atom at low temperature. 

Now if the present ionic model is suitable 
for this case, the magnetic moment of Cr?+ 
ion is given as (2S—Iz)up (2>0), and if we 
put (2S—/,)up=2.4 vp, it turns out that the 
Cr’?+ ion in this crystal reserves the orbital 
angular momentum, /:—1.6, in its lowest 
state. Consequently, the effective magneton 
number determined from the experiment can 
be taken apparently as a smaller value than 
4.90 vp for S=2, so far as the width of energy 
levels due to the spin-orbit coupling is not 
much less than k7-. Thus the anisotropy 
energy due to both the spin-orbit interaction 
and the magnetic dipolar interaction in this 
ferromagnet has the easy direction parallel to 
the c-axis as mentioned in preceding para- 
graphs. 

The value of uniaxial anisotropy energy 
obtained by Hirone and Chiba takes about 
—lcm-! per ion at low temperature, and 
shows the normal temperature dependence 
expressed roughly by the square of the mag- 
netization. On the other hand, the value of 
dipolar anisotropy energy is calculated as 
—0.2cm-' per ion, where the observed mag- 
netic moment 2.44 wg per ion and the expres- 
sion Kpyy, shown in Table II, are used. 
Therefore, it can be interpreted that the re- 
maining part of anisotropy energy consists of 
one due to the spin-orbit interaction. 

As was shown in the preceding paragraph, 
however, the uniaxial anisotropy energy origi- 
nated from the degenerated orbitals has to 
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take the value of order of magnitude, 2/,, at 
low temperature and show the particular 
temperature dependence as described above. 
This result seems to contradict the fact that 
the anisotropy energy obtained from the ex- 
periment shows rather a small value at low 
temperature with the normal temperature de- 
pendence as compared with the one expected 
theoretically. 

(F) Chromium antimonide 

CrSb is an antiferromagnetic substance with 
a Néel point of 710°K and the number of 
effective magnetons is given as 4.92 up. Also 
according to the results of neutron diffraction 
analysis observed by Snow?®), its magnetic 
structure is the first kind ordering with the 
easy direction parallel to the c-axis and the 
magnetic moment 2.7 wp. The value of uni- 
axial anisotropy energy at room temperature 
measured by Tsubokawa?®) is given as about 
—7x10' erg/cm® or —0.1cm™/ion, which is 
obtained from the relation for susceptibilities 
with field dependence between powdered and 
single crystals of CrSb. 

From these data, it is considered that the 
presence of Cr*+ ion in CrSb is_ probable. 
Thus, as the case in CrTe discussed above, 
it can be regarded that the retained orbital 
angular momentum, /z, in lowest state takes 
a value of 1.3 resulting in the total magnetic 
moment at low temperature having the value, 
(2S —lz)vp=2.7 wg. Then the magnetic mo- 
ment should orient along the c-axis with a 
considerably strong anisotropy energy. On 
the other side, in the first kind antiferro- 
magnetic structure the dipolar anisotropy 
energy prefers to keep its spin within the c- 
plane. Hence, as compared with the experi- 
mental results it can be concluded that the 
term due to the spin-orbit interaction pre- 
dominates over the dipolar term. 

Based on such a consideration, the observed 
anisotropy energy, Kos, can be written as 
follows, 

Kovs=Kis+Ko= —0.1 cm-! ; (45) 
where Kn can be estimated from Table II 
and III and for Kzs the approximation 
Ale<kT<kTw, in the Eq. (21) is used. From 
this equation, 2 can be estimated as about 
13cm-! by taking S=2, /.=1.3 and T=300°K, 
which is rather a small value as compared 
with one of the free ions, 57cm-!. This can 
be confirmed by the fact that the effective 
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magneton number at high temperature takes 
nearly a free spin value, 4.90 wp (S=2). 


§6. Discussions 


As was shown in the above paragraphs, 
we could elucidate the experimental results 
about uniaxial anisotropy energies for the 
several compounds with a NiAs_ structure 
from our theory based on the assumption for 
the ionic constitution of transition metal ele- 
ment in conformity with their magnetic data. 
However, further studies should be made on 
the above problems. 

First, we assumed somewhat boldly the 
ionic constitution of 3d electrons in the tran- 
sition metal element with the realization of 
the Hund rule. There are still some un- 
answered questions for this assumption, espe- 
cially, for several substances whose magnetic 
data can not be explained satisfactorily by 
the ionic constitution, as was shown in Table 
I. According to our empirical stand point 
for the compounds in sulfides and selenides 
of transition elements with NiAs structure 
except those of titanium, the ionic constitution 
is considerably satisfactory. On the other 
hand, for the compounds with heavy metalloid 
elements and those which form a MnP type 
crystal structure, however, the ionic character 
is not always satisfied. In the latter com- 
pounds, it can be regarded that considerable 
parts of metallic binding and covalent binding 
must be important for their binding nature. 
Then in order to obtain the expression of 
anisotropy energy in these substances, it will 
be necessary to know their detailed electronic 
structure, taking their ionic and metallic or 
ionic and covalent characters into account. 

Next, the crystal fields calculated only from 
the point charge model are not very correct 
for a substance with a NiAs structure. It 
can be regarded that there exists the con- 
siderable overlap of charge clouds between 
neighbouring ions, from the disagreement 
between their ionic radii and lattice parameters, 
and so in some cases its correction will be 
important. 

Also the crystal fields acting on the cation 
are subject to an effect of the electric field 
caused by the multipole moment of the anions 
due to certain deformation of their charge 
clouds in a given crystal field. In NiAs type 
crystals the electric quadrupole fields would 
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be important, whereas in such a crystal with 
vacant lattice sites as Fe;Ss, metallic ions 
suffer the effect of electric dipole field. More- 
over, under certain circumstances the crystal 
fields would be affected by the covalent bond- 
ing or the screening effects due to the con- 
duction electrons in the crystal in some sub- 
stance which has*.somewhat high electric 
conductivity. Therefore, it can be considered 
that the valves of <r?) and <r*> for each sub- 
stance are controlled by these factors, and 
also the coupling constant of spin orbit inter- 
action in the crystal takes a different smaller 
value than the one in the free ion, as was esti- 
mated in some substances mentioned above. 
In conclusion, it can be confirmed by the 
present study of anisotropy energy that the 
ionic Constitution of transition metal elements 
is realized in the comprehensive compounds 
with NiAs structures. In order to explain 
the detailed magnetic properties as for the 
magnetic anisotropy energy in a NiAs struc- 
ture, a more refined theory should be ex- 
pected, and it is also desirable to obtain the 
experimental data for the spin structure, the 
magnetic anisotropy energy and other pro- 
perties in still more NiAs type compounds. 


The author wishes to express his sincere 
gratitude to Professor T. Hirone for his valu- 
able discussions and cordial encouragement 
during the course of this study, and to thank 
members of Professor Hirone’s research labo- 
ratory for communicating their many in- 
teresting experimental results, and also to 
sincerely thank Dr. K. Hirakawa and Dr. L. 
M. Corliss for communicating unpublished 
experimental results. The present investi- 
gation was partly supported by Scientific 
Research Funds from the Ministry of Edu- 
cation. 
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Appendix I. 


The energy matrix of crystal fields, V, and the transformation Matrix, CoG = and ie 
state appearing in §4 are given as follows: 


1) cos 0 sin 6 


Co= —2) —sin 0 cos 0 


for D-state, and 
m 
Die AAC CBee SyribO- 1Si/abiC 
31-35 C’ 5A’+3B’ 
eat ee 5A’+3B’ 
Woe ‘1 =s4e- Boy 10.C't 
—2| V10C -7B | | 


= —3A’+B’ —-V/10C’ 
2 L100 5 75% 


0 UVad: Le 
3; sin@: cosAi// 2 —cosA:// 2 
—3!—cos@ sin 6i// 2 ~ —sin 0:/V/ 2 | 


wee | cos @2 sin Az 


=) —sin #2 cos 


a | Cos 42 —sin@, | 


9 sin @2 cos@, 


for F-state. 
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In NaNO, crystals, prepared by both of the fusion method and the 
aqueous solution method, the D-H hysteresis loops were observed by the 
90 c/s ae field and the dielectric constant along the ferroelectric } axis, 


€p, WaS measured by the 100kc/s ac voltage. 


The pyroelectric current 


was measured by the usual galvanometer method. The values of the 
spontaneous polarization determined by two methods agreed well with 


each other. 


¢, Showed a distinct anomaly around the Curie temperature 


and obeyed the Curie-Weiss law below and above the Curie temperature. 


The ratio of two Curie constants was found to be 9.6:1. 


Some discus- 


sions, taking account of the crystal structure, were made. 


$1. Introduction 


NaNO: has a transition at about 163°C and 
above this temperature its crystal structure 
is nonpolar and belongs to the orthorhombic 
system, its space group being D}-Immm”.”). 
Below the transition temperature, the crystal 
structure is still orthorhombic but is polar 
along the 6 axis, its space group being 
C3}-Imm®).®.*), The low-temperature phase is 
known to be piezoelectric and further has 
been found to be ferroelectric by the authors 
and their co-workers®. The details of the 
domain structure of NaNO: arising from its 
ferroelectricity have also been reported”. 
Sonin e¢ al have very recently reported the 
dielectric properties of NaNO: crystals®). 
Our result of measurement of the dielectric 
properties of NaNO: will now be described in 
detail. The methods of preparation of 
crystals and of treatment of them have been 
mentioned in the previous paper”. 


§2. Results of Experiments 


1. D-E Hysteresis Loop 

Photo. 1 shows the D-E hysteresis loops of 
a crystal prepared by the fusion method ob- 
served by the usual Sawyer-Tower method at 
various temperatures on cooling, using the 50 
c/s ac electric field (Emax=8.86kV/cm). The 
D-E relation was a straight line above 166°C 
and the loop began to open out from about 
165°C, became a ferroelectric one at about 
159.5°C and changed again to a straight line 
at about 100°C owing to the extremely high 
value of the coercive field below this tempera- 
ture. Photo. 2 shows the amplitude depend- 


ence of the hysteresis loop observed at 138°C 
on heating, where the absolute values of E 
and D are shown and they are also applicable 
to Photol. The temperature dependence of 
the spontaneous polarization and the coercive 
field obtained from Photo. 1 are shown in 


Spontaneous polarization (2C/cm?) 


Temperature (°C) 


Fig. 1. Temperature dependence of the spon- 
taneous polarization determined by the hystere- 
sis loop. 


6 
a 
oO 
> 
= 
“ey 
lJ 
= 
2 
© 2 
> 
al 
7) 
fo) 
Oo 

0) 

100 120 140 160 
Temperature (°C) 
Fig. 2. Temperature dependence of the coercive 


field (Emax =8.86 kV/cm). 
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Figs. 1 and 2, respectively. The amplitude 
dependence of the residual polarization re- 
duced by its saturated value and that of the 
coercive field obtained from Photo. 2 are 
shown in Figs. 3 and 4, respectively. The 
spontaneous polarization and the coercive field 
at 150°C were found to be about 7yC/cm? 
and 3kV/cm, respectively. The double hys- 
teresis loop was observed in a temperature 
range of several degrees above 160°C as seen 
in Photo. 1, a typical example being further 
shown in Photo. 3. Although the hysteresis 
loop of crystals prepared by the aqueous solu- 
tion method showed a little incomplete satura- 
tion, their spontaneous polarization and 
coercive field were nearly the same as shown 
choy IRS IL, A, By eehayel 4b 


polarization 
2) =- 
{e0) {e) 


fe) 
{e)) 


oO 
JSS 


residual 


0.2 


Relative 


Sa 4 7 10 


Maximum field (kV/cm) 


§Fig. 3. Amplitude dependence of the relative re- 
sidual polarization (138°C). 


Coercive field 


9 
(kV/cm) 


Maximum field 


Fig. 4. Amplitude dependence of the coercive 
field (138°C). 


2. Pyroelectric current 
Fig. 5 shows the temperature dependence 
of the pyroelectric current of a crystal pre- 
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pared by the fusion method measured by the 
usual galvanometer method on heating in the 
rate of 0.63°C/min, after a treatment by the 
dc field of 10kV/cm on cooling from 130°C to 


a 
fe) 


current 
(oe) 


Pyroelectric 
S 


O KeOret OO OEE = ste 
80 100 =120 140 I60 180 
Temperature (°C) 


Fig. 5. Temperature dependence of the pyroelec- 
tric current. 
Poling: 10kV/cm, on cooling from 130°C to 
room temperature during 0.5 hr. 
Heating rate: 0.63°C/min. Electrodes area: 
0.35 cm?. 
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ne) 
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Fig. 6. Temperature dependence of the spon- 
taneous polarization determined by the pyroelec- 
tric current. 
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Photo. 1. D-E hysteresis loops observed at various temperatures on cooling (50 c/s, Hmax=8.86 


kV/cm). 


room temperature during 0.5hr. When the 
field treatment was made in the reverse 
polarity, the pyroelectric current was com- 
pletely reversed. The spontaneous polariza- 
tion obtained from these measurements of the 
pyroelectric current is shown in Fig. 6, which 
agrees well with the one shown ver ioeel, 


determined by the observation of the hyster- 
esis loop. 
3.. Dielectric constant 

The dielectric constants along the a- and 
c- axes are small throughout the temperature 
range from room temperature to 180°C and 
show only a slight anomaly at the Curie 
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Photo. 2. 
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aq Pi C/cmt) 


| 
E (V/cm) 


Amplitude dependence of the hysteresis loop observed at 138°C on heating (50 c/s). 


Photo. 3. 


Double hysteresis loop just 


point. Fig. 7 shows the dielectric constant 
along the b axis, «,, of a crystal prepared by 
the aqueous solution method measured by a 
C-meter using the 100 kc/s ac voltage, where 
a distinct anomaly is seen around the Curie 
temperature. Fig. 8 shows that « obeys the 
Curie-Weiss law above and below the Curie 
temperature. In the paraelectric phase, the 
Curie constant and the Curie-Weiss tempera- 
ture were found as C=4.7x103°K and 
T.=162°C, respectively. The ratio of the 


above the Curie point (50 c/s, 165°C). 
Curie constants below and above the Curie 
temperature was found as 9.6:1. 
4. Low-temperature Measurements 

In order to clarify whether any other transi- 
tion point exists or not below 163°C, the 
observation of the hysteresis loop and the 
measurement of the dielectric constant along 
three crystal axes were performed from room 
temperature down to the liquid nitrogen tem- 
perature, but any distinct anomaly was not 
discerned. 
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Fig. 7. Dielectric constant along the } axis (a 
crystal prepared by the aqueous solution 
method, 100 kc/s). 
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Fig. 8. Curie-Weiss law of ép. 


§3. Discussion 

It is clear from the results of the analysis 
of crystal structure*’”’.» that the spontaneous 
polarization of NaNO: along the b axis below 
163°C comes from the fact that in this tem- 
perature range the NO» groups are aligned in 
one, e. g., (+) sense of the b axis and ac- 
cordingly the Na ions are displaced in this 
direction. Further, it is nearly certain that 
the ferroelectricity of NaNOz in the low- 
temperature phase arises from the reversal 
of NO: groups and the transfer of Na ions 
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from the original positions to the other ones 
quite symmetric to the original ones, by the 
external electric field. Nothing can be said, 
however, only by the result of dielectric 
measurements mentioned above, concerning 
what process the direction of the NO: groups 
is reversed in. The translational motion of 
the N atom on the line which is perpendicular 
to the O-O bond and equally divides it and 
the rotation of the NO: group, as a whole 
about its O-O bond along the c axis, have the 
effect of reversal of the permanent dipole on 
the NO group, but such motions are unlikely 
to occur only by themselves. It seems more 
reasonable to suppose that such translational 
or rotational motions would be realized ac- 
companied with oscillations or rotations about 
the a- or b-axes. The data of the nuclear 
magnetic resonance®’ and the infrared absorp- 
tion’? would be useful in clarifying the 
mechanism of reversal of the NO: groups. 
Anyhow, NaNO: may be said to have, in some 
degree, a character of “ molecular-rotational 
ferroelectrics”, judged from the fact that the 
polarization reversal in NaNO: is supposed to 
be fairly related with the rotational motions 
of the NO: groups. 

There is scarcely doubt to say that NaNO, 
belongs to the order-disorder type ferroelec- 
trics, that is, even in the low-temperature 
phase, not all of the NO: groups are aligned 
in one, é.g., (+) direction of the b axis, but 
only a portion of them, in a definite degree 
at each temperature, is considered to be 
aligned in this direction and the remainder 
in the reverse one. Fig. 1 shows not only 
the temperature dependence of the sponta- 
neous polarization but also that of the degree 
of order, as far as the dipole moments on the 
NO: groups and those due to the displacement 
of the Na ions are assumed to be independent 
of the temperature. The temperature de- 
pendence of the degree of order has been 
recently studied by the measurement of the 
temperature dependence of the Bragg re- 
flections of X-ray», nearly the same result 
as shown in Fig. 1 having been obtained. 

Although the positions of each atom have 
precisely been determined in the low-tempera- 
ture phase®)“).»), the value of spontaneous 
polarization calculated from the values of the 
atomic positions, assuming the valencies of 
Na, N and O atoms as +1, +3 and —2, 
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respectively, is about 70uC/cm? and is about 
ten times as large as the observed value. 
Such a discrepancy is surely due to the 
covalent character of the N-O bond, but the 
calculated valencies of N and O such as —0.36 
and —0.32, taking the valence of Na as +1 
and adopting the observed value of the spon- 
taneous polarization®), might be not so reliable, 
at least quantitatively. However, it is not 
doubtful that the NO: group in NaNO: lattice 
has the dippole moment not so different in 
magnitude from that of the free NO2 molecule 
(0.4 D.U.) and accordingly the contribution of 
the NO: groups to the spontaneous polarization 
is not larger than 15% of the total. 

The experimental results that the sponta- 
neous polarization is not discontinuous at the 
Curie point and that the paraelectric Curie 
point nearly coincides with the ferroelectric 
one support the opinion that the transition is 
of the second order. On the other hand, those 
that a temperature hysteresis of about 3°C is 
seen between heating and cooling processes, 
that the dielectric constant is slightly discon- 
tinuous at the Curie point, that the ratio of 
the Curie constants below and above the 
Curie point is near not 2:1 but 8:1 and that 
the double hysteresis loop is observed just 
above the Curie point support the contrary 
opinion, 7.é., that the transition is of the first 
kind. Considering the low accuracy in deter- 
mining the temperature dependence of the 
spontaneous polarization around the Curie 
point, it would be adequate to say that the 
transition is the first kind one which is very 
near the second kind one. 

The vanishing of the spontaneous polariza- 
tion above 163°C is surely due to the equal 
distribution of the NO: groups and the Na 
ions along the positive and negative direc- 
tions of the b axis, but the detailed atomic 
positions in the high-temperature phase 
reported by several authors”,?) do not neces- 
sarily agree with each other. Tanisaki!” 
reported that the NO2 groups are aligned on 
a line running along the 5 axis up to enough 
high temperatures, such chains exist in an 
antiparallel manner, seen along the a axis, 
with a period of about four cells just above 
the Curie point and that such a regularity 
along the a axis gradually vanishes with the 
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increase of temperature. Hoshino and Shibu- 
ya’) reported a new phase, supposed to be 
antiferroelectric, in the temperature range 
from 163°C to 178°C.* Such regular arrange- 
ment of the NOs groups above the Curie 
temperature may be supposed to be trans- 
ferred to the domain structure in the fer- 
roelectric phase, in which the domain 
boundaries are almost always the a planes, 
passing through the stage of “ microdomain ” 
closely around the Curie temperature. Any- 
how, the dielectric and other measurements 
in the paraelectric phase would be valuable 
to clear up the mechanism of the polarization 
reversal in the ferroelectric phase. 

The authors wish to express their sincere 
thanks to Dr. I. Yoshida, Mr. E. Ichinoe and 
Mr. H. Sugie for their cooperations in ex- 
periments. 
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A macroscopic theory of mixed conduction——partly electronic and 
partly ionic conduction——is developed with special reference to the 
conduction in silver sulfide group semiconductors. Current equations 
combined with continuity equation give an equation which can be reduced 
to a diffusion equation under simplifying assumptions. It can be inte- 
grated with ease under boundary conditions which are prescribed by 
the nature of electrodes employed. 

General expressions for potential distributions are derived. Two kinds 
of potentials are distinguished. One is the potential as measured by the 
use of probes consisting of electronic conductor, and the other as measured 
by the use of probes consisting of ionic conductor such as silver iodide 
for silver sulfide. The former reveals the relative electrochemical 
potential of electrons and the latter that of ions. 

Calculated time variations of potential distributions for formation and 
decay processes of stationary polarizations are compared with experiments 


for Agi. 3Te at 161°C showing satisfactory agreements. 


Introduction 


§1. 


By the terminology silver sulfide group 
semiconductors we mean sulfides, selenides, 
and tellurides of silver and monovalent copper 
and their alloys. The conduction properties 
of these substances have been investigated 
by Reinhold!’-”, Wagner®)-”, and particularly 
in details by Miyatani®)-!”, They are charac- 
terized by the fact that they exhibit mixed 
conduction, i.e., partly electronic and partly 
ionic conduction!®. 

From stoichiometric point of view, they 
belong to non-stoichiometric or Bertholide 
compounds’), The M/X ratio (M stands for 
Ag or Cu and X for S, Se, or Te) can deviate 
from the stoichiometric value to a certain 
extent without bringing about any discon- 
tinuous change in their physical properties. 
Moreover, the M/X ratio can be controlled by 
means of the galvanic cell Ag|AgI|Ag2,-X|Pt 
or Cu|CuBr|Cuz+.X|Pt. And this circumstance 
enables us to control also the electronic carrier 
concentrations continuously and reversibly. 

These characteristics of silver sulfide group 
semiconductors can be interpreted in terms 
of the peculiar imperfection in their crystal 
structure®”, the so-called average structure. 
In their high temperature forms (a-forms), 
negative ions are arranged on body-centered 
or face-centered cubic lattices, and positive 


ions are more or less statistically distributed 
on the interstitial sites and are able com- 
paratively with ease to pass from one site to 
an unoccupied neighbouring one. 

Several years ago the present author pub- 
lished a paper on a macroscopic theory of 
mixed conduction for the conduction in cuprous 
sulfide?. The present work is intented to 
be the revision and the generalization of the 
previous work so as to cover all the silver 
sulfide group semiconductors. The general 
scheme of the theory developed in this work, 
however, will be applicable to any mixed 
conductors. 


§2. Fundamental Equation and Electrode 


Conditions 
After Wagner’s theory””®, one may ex- 
press the electronic and ionic current densities 
in a mixed conductor respectively as 
goat, O(pe/e) 
Ox 


__, Hole) __,, Hiule) 


é 


Ox Ox 


(1) 


and 

: O( pu /e) 

jr=—os (Pil 
Ox 

where o- and o; are the electronic and ionic 

conductivities, Zz and jf are the electro- 


(2) 
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chemical potentials of electrons and of silver 
(copper) ions, and 

P= bat pe (3) 
is the chemical potential of neutral silver 
(copper) atoms. The total current density j 
is then equal to the sum of the‘above two: 


J=Jet+je 
aipsal we Neeson (4) 
Ox Ox 
where 
O=o.+01 (33,) 


is the total electric conductivity. Eliminating 
fu from Eqs. (1) and (2) by the use of Eq. (4), 
we have 


jee je SO (6) 
O 0 Ox 
and 
fre hj eee (7) 


0 0 Ox 


It will be reasonable to assume that all 
silver (copper) atoms in silver sulfide group 
semiconductors exist in the form of Agt 
(Cut) ions. Denoting the concentration of 
stoichiometric excess of silver (copper) atoms 
by WN, that of conduction electrons by m, and 
that of electron holes by p, we should have 


N=n—p (8) 
as far as the charge neutrality is established. 
Then the equation of continuity for elec- 


tronic or ionic current, combined with Eqs. (6) 
or (7), yields 


ONE = il ae - 501 Ad(p/e) al (9) 

at @ Ox IN NOG a 
where we have utilized the fact that the 
chemical potential of silver (copper) atoms, p, 
is a function of N only. 

In connection with the boundary conditions 
for Eq. (9), two kinds of electrodes must be 
distinguished. If one employs platinum or 
any other inert electronic conductor as elec- 
trodes, the ionic component of the current 
is perfectly checked at the electrodes and 
only the electronic component is allowed to 
pass across. Such electrodes may be called 
to be electronic, for which the boundary con- 
ditions become 


I 
oO o 


qi shat re 0 (10) 
(L being the specimen length) or from Eq. (7) 
el at 40) bran 


@x  acddu/dN) ’ 
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as far as the current intensity is not enough 
to precipitace metallic silver (copper) at the 
negative electrode. 

One may also employ Ag|AglI system (or 
Cu|CuBr system*) as electrode in such an 
arrangement as Ag|Agl|Ago,,X|AgI|Ag (or 
Cu|CuBr|Cuz;,X|CuBr|Cu), where the current 
in Agl (or CuBr) is exclusively carried by 
Agt (or Cut) ions and hence no electronic 
current in the specimen is able to pass across 
the boundaries. Such electrodes may be 
called to be ionic, for which the boundary 
conditions become 


fe=a0 at (==0;, D8 (12) 


or, from Eq. (6) 
aN ej 


= 13 
ax oi(du/dN) ’ ee 


atuac= 055% 


§3. Potential Distribution 


In connection with the two kinds of elec- 
trode conditions aforementioned one may dis- 
tinguish the two kinds of potentials. If one 
measures the potential between two platinum 
probes, the measured quantity is the difference 
of the electrochemical potential of electrons 
divided by electronic charge: 


ve=-|%| : (14) 
é 
which is equal to 
ve | J ax ke UE) a ane 
o G1 0% 


according to Eqs. (1) and (6). In the latter 
expression the first term is of ohmic nature 
while the second is the polarization potential.** 

On the other hand, if we measure the 
potential by the use of Ag-AgI (Cu-CuBr) probes, 
the measured quantity is the difference of 
the electrochemical potential of silver (copper) 
ions divided by e: 


vf 
é 


which is equal to 


(16) 


* CuBr is essentially a mixed conductor. Hence 
Cu|CuBr system is available as ionic electrode (see 
below) only above 350°C where ionic conduction is 
far predominant. 

** In this paper the terminology polarization is 
used for the concentration polarization, i.e., the 
non-uniform distribution of silver (copper) ions and 
hence of electronic charge carriers. 
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aN oN 
Vie vet] #] 17 Le 
i : (17) aE D ax? (18) 
according to Eqs. (3) and (14), or to with 
4) ica) (19) 
Ve=—|Lax ae MALO) a (17) oe? \dN/y’ 

< 4 - and the boundary conditions (Eqs. (11) and 

according to Eqs. (2) and (7). (13)) become 

Since y, o:, and oe are functions of N only, oN 1 ej 


Eq. (9) can in principle be solved with the ax ceo (dpldNyo ’ at x=0,L, (20) 


boundary conditions, Eqs. (11) or (13), and 
with appropriate initial condition. Then one 
may calculate the potential distribution ac- 
cording to Eqs. (15) or (17). 


for the electronic electrodes, and 
SgIVIERE BUDE S107. Spin 
dx — ao (due/dN)o 
for the ionic electrodes. 
§4. Formation and Decay Processes of |= These boundary value problems can easily 
Polarization be solved. Taking the instant of switching 
on as the time zero, we have 


, at x=0,L, (21) 


In the followings we confine ourselves to 
the case where the current density is so 
small that the linear approximation is valid, 
i.e., it is sufficient to take into account the 
variation of the concentration of stoichiometric 
excess of silver (copper) atoms only up to 
the first order. In this approximation one 
may consider dy/dN, oe, and a in Eqs. (9), 
(11), and (13) to be independent on coordinate, 
and equal to those in the unpolarized state. 
The latters we signify by the suffices 0. 
Then Eq. (9) is reduced to a simple diffusion Fig.1. @(é,s) defined by Eq. (24) is plotted against 


equation: t for several values of s. 
¥ ejL x il ( Met )} D) 
N=N — o( —, (22) 
RCE ie pial ba Age 


for the electronic electrodes, and 


: ejL eee o(4 = (23) 
ae ae Deedee 


for the ionic electrodes, where 


DE, s)= 2 x : exp [—(2m+1)?s] cos [(2m-+-1)x€] , (24) 
nm m=0 (2m-+1)? 


and c is defined by 


bine. rules nr Sita (ot) (25) 
G LT? L? oe? \dN/o 


and may by called as the time of diffusion. 1/c is a measure of the time rate at which the 


stationary polarization is attained. 
In Fig. 1 O(€,s) is plotted against € for several values of s. For s=0, we have 


OS 0) = —£ +4; 


and for s>0, all Fourier terms beyond the second decay out very rapidly compared with 
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the first as s increases; ®(€,s) may be approximated by the first term (4/x?) exp (—s) cos 2€ 
within an error of one percent already at s—0.3. 
For the stationary state (for t=coc), we have 


N= Nee (« =) (26) 


deo(dpldN )o 2 


for the electronic electrodes, and 


z ej aay a 27 
MeN i ae (« 2 et) 


for the ionic electrodes. It should be noted that in stationary polarization N is a linear 


function of the coordinate and its spacial gradients are opposite in sign for electronic and | 


ionic electrodes. 
In the absence of the current the boundary conditions, Eqs. (11) and (13), are reduced to 


ON _9 at~ *=0nL 3 (28) 


If the current is switched off after the stationary polarization is attained, the decay process 
of the polarization may be described by the solution of the diffusion equation Eq. (18) under | 


the boundary conditions Eq. (28), and the initial condition Eqs. (26) or (27). We have 


LL eet 
N=M—-—4 o( ) 2 
* oolduldNyy \L’ t ve 
for the electronic electrodes, and 
LL BO 
NaN, fs o( ) ) 
WE ARETE Ren ee = ye 


for the ionic electrodes. 
In calculating the potential distributions according to Eq. (15), it will be sufficient in our 


approximation to take the variation of the conductivity, o, to the first order of N—WNo or of a 
“t—po. In the silver sulfide group semiconductors the ionic conductivity, o:, is insensitive to |) 


small deviations of the M/X ratio from the stoichiometric value and hence may be considered 
to be independent of the coordinate. In this approximation, we have for the formation 
process of the polarization 


ai dx Oi d logo d 
Ve= : 8 is = 
i do +(da/dN)o(N—No) e(da/dp)o log E ( du. Mera Mo | é CU 


into which Eqs. (22) or (23) should be inserted for N—Nov. The potential zero is taken at the 


midpoint of the specimen, «=L/2. 
Especially for sufficiently weak current*, we have 


IL, On} il, x t 
ee OR geet? 
Jeo 2 Oo Ge ig : T sae | 
for the electronic electrodes, and | 
} 
; | 
IL eet 

Vee as, es : 

re L's (32B) 


e Leis 
Oe0 d 


| 
} 
| 
| 


40 


The former condition means that the initial voltage applied to the specimen is far smaller than kT/le \e 


(see §5.). ip 


- +) eiL<1, for the electronic electrodes, and occ ejgL<1, for the ionic electrodes. || 
0 ) 
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for the ionic electrodes. For t=0 these are both reduced to —(j/o.)(«—L/2) as they should 


be so. 
For stationary polarization, inserting Eqs. (26) or (27) into Eq. (31), we have 


1 ej ( dloge L 
Ve= — ] 1 ay wee ne aaa A 
e(d log o/dp)o og | iy v0 ( du. iG 2 ) (33A) 


for the electronic electrodes, and 


VeO=0 (33B) 


for the ionic electrodes. In the latter case the first and the second term in Eq. (31) cancel 
out each other. For sufficiently weak current Eq. (33A) is reduced to 


Feo 2, 


Veet iy (« ra (33A’) 


This equation can be obtained of course also from Eq. (32A) putting t=oo. 

It should be noted that for stationary polarization with purely ionic electrodes, the electro- 
chemical potential of electrons is constant throughout the specimen as exhibited by Eq. (33B); 
electrons are in thermal equilibrium in spite of the existence of stationary ionic current, 
with no electronic current not only at the boundaries but also everywhere throughout the 
specimen (see also Eq. (1)). The voltage- current characteristic for electronic electrodes can 
be easily obtained from Eq. (33A). We find 


7 geo tanh [(e/2)(d log a/du)oV | (34) 
1b (e/2)(d log a/dps)o F 


where V is the applied voltage. Eq. (34) is reduced for sufficiently weak current to 
. deo 
=— V 35 
fay (35) 
as it should be so. 


For the decay process of polarization, the potential distribution is given by Eq. (31) with 
OF 


rons me (EY) ox-m0], ow 


where for N—No Eqs. (29) or (30) should be inserted if the current is switched off after 
stationary polarization is attained. At the instant of switching off, we have 


ae), Won ej ail -=)] GTA) 
ii Bie idiiuline [2 jkeaish damnginge 10 


for the electronic electrodes, and 


iG eae ee 8 ] E — 1 (aves) (« aad (37B) 
a edoldu ~ Feed Ne ae 


for the ionic electrodes. Comparing Eq. (37A) with Eq. (33A) we remark that for the elec- 
tronic electrodes the potential measured by the use of electronic probes drops to the fraction 
dio/o0 Of the stationary value at the instant of switching off. 

For sufficiently weak current, we see that the potential decays as 


vy, — 20 JL o(4 =) (38A) 


do Feo 
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for the electronic electrodes, and 


V,0= ng 08 o(+ =) (38B) 


’ 
00 IE, (5 


for the ionic electrodes. These are reduced for f=0 to 


AC ees a pa =| : (37A’) 
00 Jeo 2 
and 
vivaL(a =e (37B’) 
do 2 ; 


which of course agree with Eqs. (37A) and (37B) for sufficiently weak current, respectively. 
It should be noted that Eq. (38B) differs from Eq. (32B) only in its sign. 

As for Eq. (17) which gives the potential as measured by the use of ionic probes, the 
variation of 4 may be approximated by 


d 
be wo= (SE 


; NN) (39) 


For formation process of stationary polarization, inserting Eqs. (22) or (23) into Eq. (39) 
and adding Eqs. (32A) or (32B) to it, we have 


y,o—J£ o(+ 2) (32C) 


for the electronic electrodes, and 


V0 -L(s a“ 5) _ 90 JL o( ss 2} (32D) 


? 
dio 2, Oo 869i0 Ie 


for the ionic electrodes. These are both reduced to —(j/o0)(x—L/2) for t=0, as they should 
be so. 
For stationary polarization we have, putting f=oo in Eqs. (32C) or (32D) 


V50=0 (33C) 
for the electronic electrodes, and 
] IL, 
aa a 
dio a A ee) 


for the ionic electrodes. 

It should be noted that for stationary polarization with the electronic electrodes the electro- 
chemical potential of silver (copper) ions are constant throughout the specimen as exhibited 
by Eq. (33C); silver (copper) ions are in thermal equilibrium in spite of the existence of 
stationary electronic current, with no ionic current not only at the boundaries but also 
everywhere throughout the specimen. 

For the decay process of stationary polarization, we have 


V,o= —--o- a) (38C) 


00 
for the electronic electrodes, and 


(4) — Fe0_ JL ne fy 
Vi ee (38D) 


00 Ot 
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for the ionic electrodes. These are reduced for t—0 to 


j 10 
Wr=t( =a) 
: 00 ‘ iy ls (37C) 
and 
Ae (« =| (37D) 
do Cio 2 


Comparing Eq. (37D) with Eg. (33D) we remark that for the ionic electrodes the potential 


as measured by the use of ionic probes drops to the fraction o¢o/oo of the stationary value 
at the instant of switching off. 


$5. Dependences of N and o on pz 


It is very likely that the chemical potential of silver (copper) ions, mu, in silver sulfide 
group semiconductors in their high temperature forms (a-forms) is practically insensitive to 
the small variation of M/X ratio from its stoichimetric value, i.e., wi: is independent of 
N**).8).2_ Accordingly we are allowed to identify the Fermi level of electrons, , with 
the chemical potential of neutral silver (copper) atoms, yp, as far as the variation of N is 
concerned, since v is simply the sum of uw: and se 


P= bet Ha (41) 


and we are interested only in the relative value of uw. Then we see from Eq. (8) that N is 
related to » according to the equation 


et. ee io) 42 
N=n 7) Nea Fin) Noga Finl RT ’ ( ) 


where Ne and Nz are effective state densities of conduction and valence bands, respectively, 


/ 3/2 
Np=2 Cera t" “i ; Ny geen ; (43) 
Fy(y) is the Fermi-Dirac function of order » 
Fy()= ods dx (44) 
e* a4] 


the Fermi level » is measured from the bottom of the conduction band, and é¢y is the energy 
gap. The standard form of energy lattice momentum relation has been assumed for both 
conduction and valence bands, mz and my» are effective masses of conduction electrons and 
electron holes. 

Differentiating Eq. (42) with respect to wv, we find the following expression for dN/dy in 
Eqs. (22), (23) et al.: 


NA ol a " 
ie ves Fin fe) +e Fink aT it Sa) 


When the electronic charge carriers are not degenerate, Eq. (45) can be simplified to 


dN_ 1 
— = — (n+p) (46) 
du RT P 

In the silver sulfide group semiconductors in their a-forms the ionic conductivity is also 
insensitive to the variation of N in contrast to the N-dependence of the electronic conduc- 
tivity. The latter can be represented also in terms of Fermi-Dirac functions if we assume 
that the free path length of carriers / is proportional to some power of carrier energy ©. 
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Assuming /=/(e/kT)”, we have’) 


Oc—OntOp 


aoe 


1 
=evunNe T+) P( ae 
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x 2) | (47) 


1 
—_—__—_—_— fr, 
T'(r+1) ( kT 


where on and a, are electron and hole conductivities, vn and vy are the mobilities of electrons 


and holes and expressible as 


PLA 4) élon 


n 


3. V dnmakT 


and similar for vp. (48) 


Hence, we have for da/dy in Eqs. (31), (383A), et al. 


ae die ed 
ay Tek WG 


where we have tacitly assumed that carrier 
mobilities are independent on N and hence 
on v. In the limit of classical statistics Eq. 
(49) is reduced to 


do 

= = Fe On OH 50 
dp Tr Oy) (50) 
with 

Or =GDyD © (51) 


Experimentally, the dependences of N and 
oon # in Age:,X (CuzyzX) can be found by 
utilizing the galvanic cell Ag|AgI|Ag2;.X|Pt 
(Cu|CuBr|Cus;,X|Pt). We note that the chemi- 
cal potential uw of silver (copper) atoms in 
the Ago:-X (Curi,) specimen of the cell is 
related to the e.m.f., E, of the cell by the 
equation 


On=EUnN , 


(52) 
where pv° is the chemical potential of silver 
(copper) atoms in metallic silver (copper)*).®. 
E is zero if the specimen is saturated with 
metallic silver (copper); and E increases ac- 
cording as silver atoms are extracted from 
the specimen through AgI (CuBr) by making 
a current pass through the cell in the direc- 
tion from the platinum electrode to the silver 
one. 


B= eb 


§6. Comparison with Experiments 


In §3 and 4 we have distinguished the four 
cases in connection with the two kinds of 
probes and the two kinds of electrodes. These 
are recapitulated in the following table: 

In Fig. 2 are shown the time variations of 
potentials between two probes set on a 
Agi.9s3Te specimen at the formation and decay 
processes of stationary polarizations at 161°C, 


{owNoFr- Ge 


et noted) 
a vyNoFr-s( kT )k y 


(49) 


Notation for 


Probes Electrodes 


| potential 
A | electronic electronic | AS 
B _ electronic ionic | Ve 
Cc ionic electronic | VV, 
D ionic ionic Vi 
Table I. 
bia! ene Sint z (calc.) 
cnt: email, enrty, Bas era 
(a) | 5.7% | ileal 6.8 Ge 
(b) | = = TS 76 
(c) = ze 2.80) a5 
(deel 34-7 Le8* | oO. | mG al 
(mean) | 
75s 84 


AgiosTe is preferred because of its relatively 
large ionic conductivity’®. The experimental 
situations are schematically shown in the 
figure. The probes are set symmetrically 
with respect to the midpoint of the specimen 
so as to cancel out the effect of the variation 
of electronic conductivity due to polarization 
to the first order. (a), (b), (c), and (d) cor- 
respond to the cases A, B, C, and D, respec- 
tively. The dots are observed values. The 
corresponding theoretical expressions, Eqs. 
(32A, B, C, D) and (838A, B,C, D) are compared 
with the observations. The unknown para- 
meters are estimated so as to yield the best 
fit with observations for each case, and 
tabulated in Table 1. The error involved 
may amount to ten percent for o’s. The 
estimated values are seen to be consistent 
within experimental error. + is also calculated 
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by the use of Eq. (25), in which d(eN)/d(u/e) 
is estimated to be 2.5 x 10? coulomb cm-? volt-! 
from the experimental titration curve®).”, and 
is given in Table 1 as c (calc.). The devi- 
ations from the observed values are within 
experimental error. 

The value o- for case (a) and the value Oi 
for case (d) are most reliable, since they are 
estimated from the stationary potential values 


aiff. (mV) 


potential 
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which should be equal to jl/o. and jl/oi re- 
spectively after Eqs. (33A’) and (33D), 7 being 
the probe separation. With these and with 
the mean value of c, the time variations of 
the potential differences between the probes 
are calculated by the use of Eqs. (32A, B,C, 
D) and (38A, B, C, D) and plotted in the figure 
in full curves. The agreements between 
calculated and observed time variations are 


potential aitt. (mV) 
fe) 


1 
2) 


2222 


(mV) 


diff 
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potential 


diff. (mV) 


potential 


t (min.) 


Fig. 


Fig. 2. Comparisons of observed and calculated time variations of potentials as measured between 


two probes set on a Agio3;Te specimen at the formation (left halves) and decay (right halves) 
processes of stationary polarizations at 161°C. 


B, C, and D in the text, respectively. The 


length (L): 1.88cm, probe separation (J): 1.33cm, current density (j): 22.8mA cm-2 for (a) 


and (c), and 7.46mA cm? for (b) and (d). 
used in computations of the full curves. 


satisfactory. 

In conclusion the author wishes to express 
his cordial thanks to Dr. S. Miyatani for his 
kindness to take the trouble to make experi- 
ments for the sake of the present work and 
for his many valuable suggestions. 
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t (min.) 


2 (d). 


(a), (b), (c), and (d) correspond to the cases A, 


experimental conditions are as follows. Specimen 


The numerical values with asterisk in Table 1 are 
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The resistivity of reduced rutile was measured from 80°K down to 
about 2°K. Activation energies derived from the slopes of resistivity 
curve are 0.01~0.02 eV above about 20°K and 0°0005~0.005 eV below 


stance below about 20°K is due to the “defect level conduction ”. 


It is proposed that the electronic conduction in this sub- 


Con- 


duction mechanisms at higher temperatures are also discussed. 
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12) S. Miyatani: J. Phys. Soc. Japan 11 (1956) 
1059. 

about 20°K. 
§1. Introduction 


It is well known that reduced rutile shows 
n-type semiconductivity, and it is believed that 
oxygen vacancies are responsible for giving 
rise to donor centers.” However, the detailed 
mechanism of electronic conduction in this 
substance is not yet established. 

If the concentration of donor centers in 
reduced rutile is increased to such an extent 


that the wave functions of donor centers 
nearly overlap with each other, a defect level 
conduction is expected. If this is the case, 
this kind of conduction may occur at very 
low temperatures. A preliminary experiment 
was carried out to sound this unexplored field. 

We have made electrical measurements at 
low temperatures down to about 2°K, and we 
think we are now in a situation that we can 
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propose a new mechanism of electronic con- 
duction in reduced rutile.” ' 


§ 2. Experimental Results 


Single crystals of rutile (99.99% pure) were 
used either as grown crystal* or.as reduced** 
in hydrogen atmosphere. The temperature 
range of measurements is from 1.7°K to about 


80°K. The results of resistivity measure- 
ments are reproduced in Fig. 1. The resis- 
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tivities of reduced crystal as a function of 
temperatures (curve 1) may be conveniently 
divided into two temperature ranges, namely 
ranges 3 and 4. This nomenclature will be 
explained in the following section. It is found 
that the range 3 extends from about 20°K to 
about 200°K, if we extend the measurements 
to higher temperatures”). Our measurements 
at higher temperatures agree well with those 
by Breckenridge and Hosler.” 


* The Crystal grown by Verneuil method con- 
tains a large number of lattice defects, which are 
considered to be vacancies. 

** The grown crystal was annealed to eliminate 
inherent lattice defects, and then it was reduced 
in hydrogen atmosphere. 


R.R. Hasicuti, K. MINAMI and H. YONEMITSU 


(Vol. 16, 


§ 3. Discussions . 

If we take into consideration high tempera- 
ture results!).?).» together with our low tem- 
perature measurements, four temperature 
ranges can be distinguished as are shown in 
Table 1. Range 1 is considered to be the 
intrinsic range”.», which we do not discuss 
here. Our new proposition concerns the 
ranges 2, 3 and 4. 


Table 1. Four temperature ranges of 
electrical conductivity 


Temperature range Activation energy 
: “ 


sete in K in eV 

1 1700 ~ 800 321 andear7 

2 800 ~ 200 0.1~0.2 

3 200~ 20 0.01~0.02 

4 20~1.7 0.0005~0.005 
Breckenridge and Hosler! considered that 


the range 2 and 3 are due to conductions in 
impurity or defect bands formed by the over- 
lapping of wave functions of donor centers. 
We consider that this is not the case, but 
that the ranges 2 and 3 are due to the con- 
duction in 3d band of titanium, carriers be- 
ing produced by the first (range 3) and second 
(range 2) ionizations of donors. The reasons 
will be shown later. | 
The range 4 is a newly-discovered range. | 
We propose that this is due to the defect 
level conduction. If the wave functions of 
donors overlap sufficiently, a defect band will 
be formed, giving rise to a defect band con- 
duction. If the overlapping is insufficeint, it 
will result in a defect level permutation con- | 
duction with appropriate compensation by ac- 
ceptors. The proposed energy level diagram ||) 
is illustrated in Fig. 2. 1 
Now our model of donor center will be_ 
shown in Fig. 3. An oxygen vacancy has an 
effective charge of +2, and it traps two. 
electrons, one in a deep level and the other | 
in a shallow level. The orbital of shallow | 
trapped electron is shematically represented | 
in Fig. 3. The deep trapped electron should | 
have a much smaller radius of orbital. It is 
represented as Vot= Vot++ein the figure, where | 
Vo is an oxygen vacancy. It is considered that | 
the first and second ionization energies cor- | 
respond to es=0.01~0.02 eV and e2:=0.1~0.2 | 
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Defect level conduction: €4= 0.0005 ~ Q005 eV 
Conduction band 
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eV, respectively (Fig. 2 and Table 1). 

The reason why we propose such a con- 
duction mechanism is as follows. 

(1) The mobility of electrons increases as 
the temperature is lowered in the ranges 2 
and 3%.?), 

This shows that the conduction is not due 
to a hopping process of trapped electrons, but 
due to the electrons moving in a conduction 
band. 

(2) The mobility at room temperature is 
0.1~1cm?/volt. sec., which is a typical value 
for the electrons in 3d band. Thus the con- 
duction in the ranges 2 and 3 must be achiev- 
ed by the electrons in 3d conduction band. 
ez and ¢2 should be considered, therefore, to 
be the first and second ionization energies of 
donors. 


(3) The first ionization energy is calcula- 
ted by the equation 
* 
a= 38 m (2) 
K m 


if a model of hydrogen-like centers embedded 
in a medium of dielectric constant « is con- 
sidered. Here m* is the effective mass of 
electron, and m is the mass of free electron. 


Electrical Resistivity of Reduced Titanium Dioxide 
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If «=25, which is adopted according to Kubo’s 
criterion” e;=0.022eV is obtained with m*= 
m. The radius of orbital 7 is calculated by 
the equation 


m 
me 


T==Vl5S (2) 
asvy=13A. The excellent agreement between 
calculated and experimental ionization energies 
indicates the correctness of our model. 

Now we may, from the following reasons, 
certainly conclude that the range 4 is due to 
a defect level conduction, which is similar to 
an impurity level conduction in semi-conduc- 
tors. 

(1) The general feature of resistitivity 
curves in Fig. 1 and the magnitudes of acti- 
vation energies in the range 4 (Table 1) are 
quite typical for a defect (or impurity) level 
conduction. 

(2) A conclusive evidence at present was 
rather obtained from electron spin resonance 
experiments®. Resonance spectra were ob- 
served below about 20°K, especially sharply 
around liquid helium temperature, which shows 
that electrons concerned are neither in a con- 
duction band nor in a helium-like paired state 
in this temperature range. Date and Naka- 
zumi®» conclude from g-values and motional 
narrowing of spectra that electrons reside at 
Titt ions resulting in Ti’+ ions, and that 
electrons move very quickly with frequencies 
higher than Zeemann frequency from ion to 
ion. If the concentration of donor centers is 
sufficiently high, it is considered that electrons 
move from center to center resulting in a 
defect level permutation conduction. 

Now the concentration of donors in our 
reduced crystal is estimated from carrier con- 
centration derived from Hall coefficient meas- 
urements”) in the range 3 to be 5~10 101%/cc. 
This gives 7s~33A, where 7s is a radius of 
atomic sphere surrounding each donor, which 
has a volume corresponding to the reciprocal 
of donor concentration. 

The radius 7 of orbital of our donor was 
calculated, as mentioned above, to be about 
13A. Thus we can obtain the ratio 

r5|V 2.9 
in our reduced crystal. It is interesting to 
note that this ratio is 2~3 in n-type germa- 
nium in its intermediate donor concentration 
range, which is a range of transition from 
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Multiple elastic scattering of electrons by crystals is considered based 
on the Dirac’s wave equation with the perturbation method. The result 
shows that besides the usual relativistic correction for wave-length, a 
new correction factor appears in the intensity formula of reflection, cor- 


responding to the mass correction of electron. 


The new correction fac- 


tor plays an important role in the dynamical theory of electron diffrac- 
tion, and, for instance, it brings about an essential modification in the 
nonrelativistic result concerning the dependence of the reflection inten- 


sity on wave-length. 
at the limit 2-0. 


Sil 


In some recent experiments of electron 
diffraction, the incident electron beams ac- 
celerated by fairly high voltages, sometimes 
as high as 500 KV, have been utilized. For 
electrons with such high energy, however, 
the relativistic effect is expected to be far 
from negligible. In current theories of elec- 
tron diffraction based on Schrédinger’s non 
relativistic wave equation, the relativistic 
correction has been applied by replacing 
nonrelativistic values of wave-length of 
electrons in the scattering formula with re- 
lativistic values. 

By adopting the first Born approximation, 
Laue” treated the scattering of electrons by 
an electrostatic potential of arbitrary distri- 
bution on the basis of Dirac’s wave equation, 
and gave a generalized justification for the 


Introduction 


It follows that the dynamical effect does not vanish 


usual relativistic correction of the wave- 
length. The scattering formula derived by 
him, however, contained a new factor repre- 
senting another relativistic correction. The | 


magnitude of this factor depends on the |} 


electron energy and increases from unity to | 
appreciable values at high energy of electrons, 
but the importance of this factor in both 
experiment and theory, in particular in the 
dynamical theory of diffraction, seems to | 
have so far been not properly recognized. 
The relativistic reformulation of the dynamical 
theory is in this respect highly desirable, 
although it seems to be tedious to pursue | 
along the conventional line of Bethe’s | 
dynamical theory”. 

Recently, Cowley and Moodie* developed a || 
new diffraction theory based on the physical | 
optics, and gave a convenient approach to 
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the dynamical theory from the kinematical 
theory. The present author has developed 
in a previous paper” a non-relativistic theory 
of the scattering of electrons by crystals by 
a perturbation method and confirmed Cowley 
and Moodie’s result on the basis of wave 
mechanics. In the present paper, it is shown 
that a development of the relativistic dynami- 
cal theory is similarly feasible by applying 
the perturbation method to Dirac’s wave 
equation. As the result, it is revealed that 
the correction factor introduced into the scat- 
tering formula by Laue plays an important 
role in the dynamical theory and affects some 
of conclusions of this theory. It is shown, 
for instance, that some reservation is requir- 
ed of the theoretical works of Miyake®), Fuji- 


ay’ 
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moto® and Fujiwara‘) and the experimental 
work of Honjo and Kitamura” concerning 
the dependence of the scattering intensity on 
the wave-length. 

In Appendix, the magnetic scattering of 
electrons by crystals is discussed briefly, as 
no theoretical consideration seems to have 
previously been done on it, although the 
corresponding scattering cross section is ex- 
pected to be very small. 


§2. Perturbation Theory in Interaction Re- 
presentation and Dirac’s Equation 
(a) Perturbation theory in interaction re- 
presentation®. 
The wave equation in the Schrodinger re- 
presentation 


ih ca Fed Ui H=H+H' , (Zab) 
can be transformed to that in the interaction representation 
, Oe = i ; i 
in = HOW Hit) = exp (—- Hot )-H!-exp ( —+- Hot (2.2) 


by the unitary transformation 


W(t)=exp ie = Hot yee 


The perturbation H’ is assumed to be independent of ¢ in what follows. 


The transforma- 


tion function U(t, to) which transforms Y(to) to Y(t) as 


VW E)=UE, to)¥ (to) 


is given from (2.2) in the form 


co nt t 
Ud, t)=1+ > ‘exh | as\ dee 
n=1 in bo bo 


: vos i ee ee 


(2.3) 


(2.4) 


bh 


The operator U (+00, —oo) is the so-called S matrix and is related to the scattering matrix 


Ras 


U(+o, —o)=S=H1+R. 


(2.5) 


If the system is in an eigen state a of Hy at f=—o, the probability Wy. that the system 
is found in another eigen state b at t=+ 00 is given by 


Wra=l<d| Ria)? . 


(2.6) 


In order to calculate R from (2.4) and (2.5) we modify H(¢) in (2.2) as 


H(t)=exp le Hot \a exp (—4 He) exp (—elZl) , 


where ¢ is an infinitesimal positive number. 


(2.7) 


This modification is called adiabatic process. 


Since the energy is conserved before and after the transition, R takes the form 
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(b|R\a) = —2rid(Ey—Ea)b|R Ia) « | (2.8) 


From (2.4) and (2.7) the transition matrix R is given as 
<blRiay= > <OlR™|a> , (2.9) 
n=1 


(O|R |a>= (Ol H'|a> , (2.10) 


z <b| HH’ \en—1)<en- len ¥ be - <ci|H"|a> (2.11) 


(7) a OAL 
<b|R™ |ay = (FE, — He, bie (Ba TS 


oni 


where (1, C2, +++, Cn-2 and Cn-1 specify the virtual intermediate states. 
(b) Dirac’s equation” 

Dirac’s equation for an electron interacting with an electromagnetic field (A, V) is given 

by i 


5, 


ha, = Hd={a(cp+eA)+fmoc?—eV }¢ , (2.12) | 


where c is the light velocity, mo the rest mass of Sedileagr —e the charge of electron, and | 
a and f are the 4-row, 4-column matrices which anticommute each other and are express- 
ed as 


a= (0001), am 00 7 a= | O:La0', p= a 0 0 (2.13) | 
0010 | 0 00-1! Olas 0 0| 
0100 ner 0 ' 00 0| Fig eae 
coro: bd. = 00m. 20H Oy dae Oy KO sOrscoetO) esi 
For a free electron, (2.12) is reduced to 
ino’. € 
na, =(—icha-p+Bmoc*)~ , (2.14) | 


where p is substituted by —ihp. The solution of (2.14) is given by a plane wave form 


= (2n)- 3/24 exp 1 i — t )| 3 (2.115) 
The wave number vector K and the energy E satisfy the relation 
E=4VCWK? +m! . (2.16) | 
The amplitude u is a four component quantity. If K is given, we have four eigen-solutions | 
UKs (s=1, 2, 3, 4), of which wx: and ux2 are the solutions for E>0 with +, — spin, respec- | 
tively, and wxs and uxs the solutions for E<0 with +, — spin, respectively. 


If @’s are operators composed of a’s and 8, we have the relations 


4 


ah (UKsQ UK's) (UK's QotKs) = (UEsQiQeuK”s”) , (2.17) 

SS (uksQitK’s’) (UK's Qos’) = (wie Qr- Hx + |Exe| — QeuK's? ‘ , (2.18) | 
= 2|Ex-| | 
 (wksQuns)= Spar (Q Het Ex ) (2.19) 

c= 2\|Ex| | 


where 


Hx=cha-K+ Bm? . (2.20) | 
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If P’s are products of a’s and 8, and a and b are fixed vectors, we have the relations 


Spur P:P2Ps;=Spur P2:P3P:=Spur PsP;P2 , 252)8) 

Spur we Oe if the numbers of factors § and a are not both even, 2.20) 
Spur a;?=Spur B?=4 CE sa aries 2223) 

Spur (aa)(ab)=4(ab) . 2.24) 


The formulas from (2.17) to (2.24) are useful tal. The shape of the crystal is assumed to 
in calculations in the present paper. be an infinite plate with thickness D, and 
the z-axis is chosen in the direction normal 
to the surface as shown in Fig. l. If the 


periodic field in the crystal is derived from 
We apply the perturbation theory in §2 to a scalar potential 


the problem of electron diffraction by a crys- Vin = 3 OO Na 


§3. The First Approximation of Scattering 
Matrix in Electron Diffraction 


for. 0= 2-2 De 


the Hamiltonians Hy and H’ are given re- 
spectively by 


Ay=—icha:-p + Bmoc? (Sy) 


and 
Bigs. H’=—eVir). (3.3) 


The wave function of the electron which is incident on the surface of the crystal z=0 with 
the wave vector Ko is put 


Y(— co) =(2r)-*/2uK,s) EXP (¢Kor) , (3.4) 


where so takes 1 or 2 according as the electronic spin is parallel or anti-parallel to the z- 
axis, respectively. Similarly, a diffracted wave with wave vector K is put 


<r| Ks) =(2r)-*/?uxs exp (iKr) (3.5) 


Wwathis— bor 2: . ih 
From (2.10) and (3.3), the element of the transition matrix in the first approximation is 
calculated by 


<Ks|R” | Koso> = —e<Ks| V|Koso> Z 
Using (3.1), we have 
(Ks|R™ | Koso> 


le 


Se Magda Ka) 
2m oh 


x 6(Koy ae 2thy —Ky) 


(3.6) 

With the use of 
Ex,)=tV WOK +moerct (3.7) 
Exs=+V #C?K?+mo°%* , (3.8) 


v 
: : : : 4 z-axis 
the element of the scattering matrix is writ- é 


ten according to (2.8) as Fig. 2. 
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<Ks|R™ | Koso) = — nid (V he?K ? +merct—V hc? Ko? + moc!) Ks| R™ | Koso> (3.9) 


Now we introduce a wave vector K,=(Knz, Kn, Kye) which is related to a reciprocal 
lattice vector h=(hz, hy, hz) and the incident wave vector Ko=(Koz, Koy, Koz) in a way as 
shown in Fig. 2. Here, Ko?=Kn? and Knz>0. Taking account of 


OV WEEK? + morc! —V hc? Ko? + mo2c*)O(Koe+ 2thz—Kz)5(Koy + 2athy— Ky) 
hic(K2+Ky+Ke— Kin= KH) Es 
— —= O(Koz 2the—Kz)d(K + 2nh, —K. 
a( o/heaRe + mic! (Kozrz+ 27. )6(Koyt+2ahy y) 
= (Heel Bee) 
2EK, 


yo EK os a(Ke+K 3.10 
BOK na [6(Kz Knhz)+ ( at hel , . ( . ) 


we obtain 


(Ks R0| Kesey = EROS [OKs Kus) +8( Ket Kn] 
x exp {i(Koz+2xhz.—Kz)D}—1 : 


KeUKeso) » 3.1 
Kne(Koz+2xhz—Kz) On UK UK, ) ( 1) 


where we abbreviated Ex,s, as Ex,. 6(K:—Knz) in the first square bracket corresponds to a 
scattered wave with a positive z-component of wave vector Knz, and 6(K.+Kna-z) corresponds 
to another one with a negative component of wave vector —Kznz. The latter wave can be 
interpreted as the reflection of the former at the surfaces of the crystal.* Since, as already 
discussed in the previous paper‘), this wave is negligible so long as Ko is not nearly parallel 
to the surface of crystal, only the scattered waves with the wave vectors having positive z- 
components (i.e. transmitted waves) are taken into account in the following computations. 
Then, by integrating (3.11) over a small region of Ewald sphere around Kn, the element of 
scattering matrix corresponding to the transition from (Ko, so) to (Kn, s) is given by 


(Kis|R |Koso) =. eEK, — _ exp (—2z1€nD)—1 


WOT az —2rCr Va UR UK) p (3.12) 


where Cn represents the excitation error defined by 


—2ro,= Kozt2rhz—Knz 5 (3.13) 
as shown in Fig. 2. 


§4. The Second Order Term of Scattering Matrix 


In this paragraph, we take account of the indirect transition through intermediate states 
(k, s’). In this process, Ex,s, or Exs is not required to be equal to the energy of the 
virtual state (k, s’) 


Ey =+£V CRE morc. (4.1) 


By the requirement of closure property of eigen-solutions, all possible & and all of the four 
states for a given k including the negative energy states must be considered as the virtual 
States. 

According to (2.11), the second term in the series expansion of the transition matrix is 
given by 


(Ks|R®| Koso) = > \ax (Ks|H’|ks!><ks’|H’| Koso) 
Sa . 


Ex,—Exkst+te eo?) 


* The present author owes this interpretation to Dr. H. Fengler’s thesis (Berlin University, 1960) 
and the discussion with Dr. K. Kambe. 
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‘Taking account of (3.3), (3.1), (3.4), (3.5) and 
<r| ks’) =(27)-8/2u,s exp (ikr) , (4.3) 
we obtain 


CKs|R©| Ks) ees SS | dk 


x | drz exp {i(k+ 2z7g.—K )rz} - dr: exp {i(Ko+27g1—k)ri} 
erystal erystal 
X Ve.Ve,(UKsUks’)(UKs'UK 85) « (4.4) 
"We can make a replacement 


al maa Ex, ar Ejs’ 
Ex,— Exs'+ie Ch?(Koe—k? +1e) ’ 


(4.5) 


‘considering that <« is a small positive quantity, and allowing for the relations 


1 Ex, t+ Exs'+te 
Ex, —Exs' +t E xo—|Exs’|!?+2ieEx,—e } 


cand 
Ex,— | Exs’|?=c?h?(Ko? —k?) . 


‘The summation over s’ can then be performed by using the formula (2.17) and the relations 
Eks'Uxs' = Hkttns’ 7 (4.6) 
H,=chak-+ Bmoc? , (4.7) 


zand we obtain 


<Ks| R | Koso> = ws oY: 


harmed sed d 
(Qn)°ch? @ “e 


" dkidkydke 
—oo Ko? —k?+te 


< drz exp (1(k+27g2—K)rz} - dr, exp {i(Ko+27g:—k)ri} 
erystal crystal 


X VeVe,(UKs(Ex,+Hr)UKys) - (4.8) 


“The integrals in Eq. (4.8) with respect to rm: and re become 


dr2 exp {i(k+22g2.—K )re} | dr: exp {i(Ko+2ng:—k)ri} 


erystal erystal 
= (22)*6(Rz aia 27222 —Kz)0(Ry ae Qt Loy —Ky)6(Kox ar QTL ix —kz)d(Koy ae 2Liy —ky) 
D 
y, ir Me eaD AFP e eae Kaa des exp {i(Koe+ 2ngie—he)2s} (4.9) 
0 0 


“We may put approximately 


i, Pr |" da GHine i ue, \-az OSE (4.10) 
0 0 0 


0 


D . . . . 
‘The contribution from dz: is negligibly small, since it corresponds to the contribution of 


the intermediate states id negative z-components of wave vectors. The approximation in 
~4.10) is nothing but that previously adopted by Cowley and Moodie® and by the present 
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author®. With this approximation and the relations 


Koet2reiz—Ke'z ’ 
Koy+2rgy=Keyy ? 
KUPRLA RUSK hag thee > 


and by carrying out the integrations over k, and ky in (4.8), we obtain 


1 e 
(Ks|R® Kis) == ( sriiliee z ty 6(Kox+22(gitG2)x—Kz) 


amis 
K'g,2—k? +ie 
— il ee (7{Koz+2x(gi +92 )z—Kz}D] ae 
 Koz+2rgiz—ke Koz+2n(91+-g2)2—Kz 
_ exp (ket 2rg2.—Kz)D}—1 | 
kz+2r22.—Kz 
X Vg Ve,(UKs( EK, +HeE,))UK 939) 5 (4.11) | 


< 6(Koy+2z(git+ g2)y—Ky) ee 


where 
Hu y=charKg,rt+ ayK ey +azekz) + Bmoc? i 
(4.12) 


The integrand of the integral over kz in 
(4.11) has simple poles at 


on +(Kee+ 


a) 
The existence of the infinitesimal positive: | 
number « suggests that path of integral 
Fig. 3. should be taken as shown in Fig. 3. Using 

the theorem of residues, we obtain | 


(Ks|R|Kos)= les ) SS —  d(Koe+ 2the—K i Kwy+ 2thy—Ky) 
Ch? 8, a 


< il [= {i(Koz+2xhz.—Kz)D}—1 - exp {i(Kg,e+2rg,2—Kz)D}—1 | 
Kozt+2ngiz—Keg,z Koz+2ah.—Kz Ke zt2n 22—Kz | 
x Vg.Ve, (uxs(Ex, + H(Ke,))ukysy) (4.13) 


where we put h=gi+g:2 and 
H(Ke,)=chaKe,+Bmoe? . (4.14) 


Taking account of (2.8), (3.10), (3.13) and (4.13), and introducing the excitation error of | 
reciprocal lattice point g: as 


—2nCg, — Koz+2ngiz—Ke,z 9 (4.15) 


we finally obtain 


Kxs|R®| Koso) = ae < +) Ee oi 


8) ae 
1 [eae (—2ziGnD)—1 4 XP {27i(Cg, —Cr)D} =| 
2nCe, 2nCh 2n(Ce,—Sn) 


1 | 
x a OES Ve, (UK, EK, +H(Ke,))UKys,) 5 
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$5. General Terms in Series Expansion of Scattering Matrix 


The 2-th order term of transition matrix can be evaluated by starting from 


4 4 4 
(Ks|R™ | Koso>= By pa tae = \\ eta | aman” 356 ROSY) 
gargay gl 2y 


° <Ks|H'|k@-vg—-0y.. -<k!'s!"| HH" |k's!)< k's! | H” | Koso) 
(Ex, —Exr-v)sm-1) tis) +++ (Exy—Eprs +is)(Ex,— Es +is) ’ 


(5.1) 


where (k’, s’), (k’’, s’’), --- and (k@-0), sin-) represent ~—1 intermediate states. The com- 


putations can be carried out similarly as those in §4 by adopting the approximation replac- 
ing the integral ’ 


D D D D . 
| din | din-1-** | dz2 | dz. (integrand) , 
0 


0 0 0 


by 


D an z 29 
| dzn | dzn-1+ °° | EEE | dz. (integrand) . 
0 0 0 


0 
Then, the matrix element is given by 


<Kis| R™ | Koso> 


é a Vh=(8 1 ++°++8n— vg ai Oo WER 
i -ExK.- otays 1 m—1 m1 2” 81 
ey Fo an eS = KnzKe,+..-4+8__1.2 Qs 08 Kej+ey,-Ke,2 
LOAN GE Ce, re Cnt, Ch} D) 
x a (uk,s(Ex,+H(Ke,+-.-+8,_1) pees (Ex,+ H(Ke,+2,))(Ex, + H(Kez,))ux,s9) ’ (5.2) 
‘where 
ZriGs, Co, PM iy Grow, Cr; D) 
— 1p exp Cailbn Go) D)—1. pp XP (—2ritnD) =1 Ge 
(2m) Be8 Cm( Cm —Cr) I (Cm—Cr) Gh IT Cr 
flees oP 
cand 
A Keay +.--+8m) —Cha Kes +..-+2e_ + Bmoc? (5.4) 


Reference may be made to the previous paper’) concerning the definitions of the excitation 
errors Gm and the wave vector Ka,+...+2,,. 


§6. Transition Probabilities 


If the incident beam is unpolarized, the probability of the transition from the incident 
wave K» to the diffracted wave Kn is given as* 


SS |(Kas|R| Koso)? . 6.1) 
ont eo 


1 
i. 


s 


Then, (6.1) may be computed using the formulas (2.18)~(2.24) in the following ways. 


a) The first approximation . | 
From (3.12) and (5.3) we may write the first approximation of 6.1) as 


SOS [CKas|R [Koso ? 
Sy=l 


* So far as the scattering by electrostatic field is concerned, (6.1) can be used regardless of the spin 
state of the incident electron. 
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2 2 
= CE Ko 17.64; D)l-onton 
h'ctkK hz a 
VES Cr TT Nia (6.2) 
ewe) 


where a*=a has been taken into account. Applying (2.18) ane (2.19) to and to s - 


§=1 
respectively, and allowing for Ex,=Ex,, we obtain 


Te 2 j iy 
2 a =, (UK ys ,UK,,s)(UK),sUK 98) 
0 


Spur (Hx,+ Ex,)(Hx,+ Ex,) 
ais Ko 


— + _ Spur (c*#?(aKn)\(aKo) +chaKs(Bmoc?+ Ex,) 
BE, 


+ Bmoc*(chaKo+ Ex,)+f?mvo?c* 
+ Ex,(chaKo+Pmoc?)+Ex] , (6.3 
where the subtitution has been made of 


Ak,=chaKit Bmoc’ , (6.4) 


Hk ,=chaKo+ moc? 5 (6.5) 


Noticing that the second, the third and the fifth terms vanish according to (2.22) and using 
(2.23) and (3.7), we get 


2 2 
SS ay (UK yspltKns) (UK,sUK ys) 
0 


to] 
~ 
I 
% 


— une Spur [c?h?(aKn)(aKo)+ moc! +E] 
8E Ko 


Lie Due ee Le COS Uk , ie 

ae [ mn c+ chKe ee )| (6.6) 

where @or is the angle between Ko and Kz. 
Substituting (6.6) into (6.2), we finally obtain 


(2)__ ( moe \”  |val? Sin? (eCnD) | _ 2K? (1+cos Bon . | 
As ( ne ) Kaz (Cn)? [ ( )| : (6.79 


Mo?C? 2 


b) Higher approximations 


The next order term of the probability of transition from Ko to Kn may be written as 


2 Zz 
=> SS) [Koso R®*|Kas><Kas| R® | Kass) 


+ <Koso| R®*| Kis><Kis| R™ | Koso] 


Saf te 1 & . 
ae > KE Ke, [vn*vn-e,Ve,Z1*(Ch; D)Z2(Ge,, Sn; D) 


+vnvi-g, Ve, Z:1(Ch; D)Z2*(Cg,, Cr; D)] 


: AGEN h? Ko? \/ 1+ cos Oor+cos One, +-cos 8 | 
x (1 7 mec? ) . {1+ ( MC? )( - 4 = at )k ? (6.8) 


where Z: and Z2 is the functions defined by (5.3) and Ong, and og, are the angles betweem | 
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Kr and Ke, and Ko and Keg,, respectively. Since, in usual experimental conditions, Kn and 
Kg, are nearly parallel to Ko, we may put 


COS Fo~~1,  COSPng,~1, Cos Mog,~1. 


Then, the product of the last two factors in (6.8) reduces to 


2 2 3/2 
(4+ n'Ko ) (6.9) 


Mo*C? 


If we notice that only the waves with small scattering angle are appreciable in electron 


diffraction, the general term Ji’ may be easily found to be as follows. Since all K’s are 
nearly parallel, we may put 


fim, ik. H Ke JH, % +, Hl Beppe eke 


Then, Eq. (5.2) may be written approximately as 


<Kas|R | Koso) ~( é y ae > ut by Vh—(8,+++++8n—1) °° * Vey 


Ch? n-1 8, Kinz +: Ke, 
XZnlC1, C2, +++, Ch; D)-(uk,sUKys,) » (6.10) 


where the relation 
K es ae -1 * 
(uk,s\Ex, + Hx,)”"'UKys))=2"-!- EK, * (UKysUK ys) 


has been taken into account. Using (6.10) allowing for 


q 2 2 * x mMo2c* h? Ko? 
— > D Wk, :,UK,s)(UK,s UK, s,) ~—s 14 
2 sy=1 = 0°0 h h 0°0. Ex, mMo2C2 


and 


21.2\ 1/2 
Exy=mue'(1 maces ) 
mMo*C? 


we obtain the N-th order term of the transition probability in the form 


Ls [espe ea ge be ie le ne ee tga 


h’ Mo*c* m=1L bn —1 6, N—n-1 By 
(vn Ake ABA 3 Whee te ns 2) ) ; 
h—-(8j+++++8n— 1) 21) ( 8 N—n-1) | “81 Lipsy a (6.11) 
(Kies are Keg,z)-(Knz Bua Kegy’z) 


Eq. (6.11) may be compared with the corresponding nonrelativistic formula which was deduc- 
ed in the previous paper®: 


me _(me\" X53 
Ii (N.R.) =( — Se eee p> 
he m=1 | byt 8, 8’ y-n-1 By 

Se (Vn e rte emt) 0,)(Uh—(6y'4+++ 48" —n—1) ‘ Ven) o x Zy-.| (6.12) 

(Rhz icone keg,2) -(Rhz eee ke,’2) =) / 


where &,’s denote the wave vectors in the nonrelativistic theory and Z’s are to be under- 
stood to contain nonrelativistic ¢’s. 


§7. Discussion on the Relativistic Effect 
The relativistic correction usually applied to the nonrelativistic scattering formula consists 
only of the replacement of the nonrelativistic value of wave-length 
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A =2a/k =h/V 2emoU 


with the relativistic one 


A=2n/K=(h/V 2emoV)-(1+(eU/2moc?)]-”2 , 


where U is the accelerating voltage of 
electron. 

The kinematical formula for the transition 
probability (6.7) contains a factor 
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(7.1) 


(7.2) 


where u is the velocity of electron. 

As pointed out by Laue and shown in Fig. 
4, this correction factor becomes large at 
the high energy of electron. For the evalu- 
ation of (7.5), the expression 


WK — oe) (7.3) 


| Mo?C? 2, 
This factor has been given by Laue” in the 
treatment of Born approximation. It is, fur- 
ther, easily shown by comparing (6.11) with 
(6.12) that the corresponding factor in the 
N-th order term of transition probability is 
approximately given by 


| 
(+ hr Ko? n 2 
Mo*c? 


The factor (7.3) or (7.4) arises from the 
relativistic correction for mass itself, since 10% 
it is proved that 


Vit Kemi) =1 i tee Gar jor 5) 


C 


3.0 


MoC rd 2 


(7.4) 


1000 (KV) 


Fig. 4. The relativistic correction factor for mass 


VY1+(himocd)® versus the accelerating voltage of 
electron. 


V1+-G?K?/moerc?) =V 1+ (2eU/moc)[1 + (eU/2moc?)] 


=1+1.96(eU Mev , (7.6) 


may be convenient. In the derivation of the right hand side of (7.6), moc?=0.51 MeV has 
been taken into account. Here, (eU))mey means the kinetic energy of electron measured in 
the unit of MeV. 

Almost all phenomena of electron diffraction take place at small scattering angles, and 
under this condition the new correction factor assumes a comparatively simple form as 
shown by (7.4). This implies that the relativistic revision of the theory of electron diffrac- 
tion based on nonrelativistic Schrodinger wave equation may be obtained by the replacements 


Al’ ->2 
and 


Mo > MoV 1+(hK/mec) . 


The experimental aspects of the relativistic effects in the dynamical theory will be dealt 
with in near future. In order to see one of the influence of the factor (7.4) on the 
dynamical theory, however, we consider now the dependence of the intensity of reflection 
on wave-length. If only the correction for wave-length is adopted as usual, the transition 
probability may be expanded as is seen from (6.12) into power series of 2 as 


Jno= S Colm, ae Ch, ere D) “(moa)” ? (7.7) 


where the dependence of ¢ on 4 is neglected since it is not essential for the present argu- 
ment. On the basis of (7.7), Miyake», Fujimoto® and the present author® previously con- 


cluded that the intensity approaches the kinematical value (i.e. 142) when 20. If this were 


1961) Relativistic Theory of Electron Diffraction 2237 


correct, it would be advantageous for the structure analysis to raise the energy of incident 
electrons. The existence of the factor (7.4), however, place a grave limitation on this con- 
clusion. Instead of (7.7), we should have a power series 


Tio= 5 Cu (one VIF GPR 2) 7.8) 


As shown in Fig. 5, the quantity w mM ai anil 
AW A+ 2] mee?) Hi HH LE 

approaches not zero but a finite value as 2> | | UT 

0. The limiting value h/moc=0.0242 A is the + 

Compton wave-length of electron and is 0.06 

equivalent to the wave-length of about 215 

KeV-electron. It follows, then, that the 

terms of higher order (m>2) in (7.8) do not 0.04 

vanish at the limit 2-0. In other words, 

the so-called dynamical effect cannot be 


eliminated by raising the energy of electrons. 0.02) 

The kinematical intensity, on the other hand, 

may be attained by reducing the crystal size, 2 

since 10 100 1000. ( KV) 
Cn=O(D") . Fig. 5. a) The wave-length versus the accelerat- 

In conclusion the author wishes to express ing voltage of electron. 

his sincere thanks to Prof. Shizuo Miyake b) The quantity 4/1+(h2/mo2c?22) versus the 

for his kind guidance and encouragement accelerating voltage. The limit is the Compton 

throughout the present work. wave-length of electron h/moc=0.0242 A. 

Appendix 


Magnetic Scattering of Electron by Crystal 

There exist two kinds of interactions in magnetic scattering of electron by crystal, namely 
the dipole-dipole interaction and the exchange interaction between two electrons. In the 
following, we shall discuss the former interaction, since this can be dealt with by the similar 
calculation developed in the present paper. 

We shall restrict ourselves to the scattering by an antiferromagnetic crystal. In this case, 
the field caused by the magnetic moments of electrons in crystal is considered to be deriv- 
ed from a periodic vector potential 


A(r)= >) Arexp (2zthr) . 
h 
The Fourier component An has been calculated by Miyake", and takes the form 
An=i2peon™[h, M]/|h\? , (A.1) 


where zs is Bohr magneton, M the unit vector in the direction of magnetization, and on’ is 
the Fourier component of the electron contributing to magnetism. Adopting 


H’=—e > (vn—a- An) exp (27thr) 


h 


as perturbation and calculating the element of scattering matrix as before, we can easily 
obtain the kinematical formula for the transition probability: 


Lo fmee? 1. sin? @lnD) E ne DEK 1+ cos oa 
ably i Khe (En)? 2 "morc? D 


Rh UT 6 ‘ Ex, (un* Ah + vn Ap*) a (Kn + Ko) 
Mo°C 
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2 q 

is) S (Ko: Ko Ki An An) + (An Ki)( Anke) +(AnKiny An" Ko)} | : (A.2) 
Mo~C 

As is apparent from (A.2), the ratio of the intensity of magnetic scattering (7.e. the third 

term in the square bracket in (A.2)) to the electrostatic one (/.e. the first term) increases 

with the energy of incident electron, and approaches to a constant value 


|Anl?/lval? . 
By using (A.1) and assuming 1/|h|~0.5 A, we obtain 
| An|?/|vn|?~10-* + |P”/ Pal? , (A.3))] 


where Fr is the structure amplitude in the ordinary sense and f/f,” is that of magnetic | 
electrons. From (8.4), it may be concluded theoretically that the magnetic scattering of 
electron by the first mechanism is hard to observe. ' | 
As to the exange interaction, it is conceived that its magnitude decreases rapidly as the 
energy of the incident electron increases, since the exchange energy involves overlapping | 
integral of wave function of atomic electron and incident plane wave which oscillates 
rapidly if it has large wave number. The exchange interaction, however, may be important 
in the diffraction of slow electron. 
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The extrapolation was performed by the approximation in the series 
of Legendre polynomials and the error in the radial distribution function 


caused by a failure of the extrapolation was discussed. 


As the result, 


the method is inferred to be successfully applied to the experimental data 
so that the extrapolation can be obtained straightforwardly without any 


assumption of the structure in advance. 


Furthermore, the criterion for 


judging the uniqueness and correctness of the extrapolation is proved to 
be the absence of the ripple beyond non-zero range in the radial distri- 


bution curve. 


§1. 


In order to directly derive the structural 
information from the diffraction data of 
gaseous, liquid, and amorphous materials we 
calculate the radial distribution function D(7), 
i.e., the Fourier transformation of a certain 
function J(s) which is regarded as sensitive 
to the structure: 


Introduction 


(4) 


where the variable s is (4z/4)-sin (6/2), 0 the 
scattering angle, and 2 the wavelength. In 
electron diffraction study of gaseus molecule, 
the following function is usually treated to 
obtain the nuclear distribution”.” 


rD(r) =(1/2n%) |; sts) Sisndss 
0 


Toe total intensity = (2) 
background intensity 
Practically, J(s) cannot be obtained in the 

whole range of s for the following reasons. 

The wavelength limits the observable range 

of s, and even in the limited range the dif- 

fraction intensity for large s is usually too 
weak to detect. Furthermore, the intensity 
near the diffraction center is extremely difficult 
to measure, and in the case of a substance 
consisting of different kinds of atoms the 


* Read at the Meeting of the Physical Society 
of Japan, in Tokyo, April, 1955, and at the Fourth 
International Congress of I.U.Cr., July, 1957, in 
Montreal (Acta Cryst. 10 (1957) 862). 

** The first and the second papers in the series 
were presented in this Journal by T. Ino and by 
K. Katada respectively. See the references 9 and 4. 


intensity J(s) in Eq. (2) at small scattering 
angle is not available, since there the unitary 
atomic scattering factors do not well satisfy 
the equaliy requirement in the treatment of 
Eq. (2). Consequently, the integration in 
Eq. (1) cannot be extended over the whole 
range of s but over the limited range (so, S1). 

The integral over the range (So, s1) is mathe- 
matically expressed as the convolution” of 
(sin siy—sin sor)/r and rD(r) in Eq. (1), and it 
has quite different features from rD(r) and 
has extraneous maxima and minima. The 
spurious features due to the absence of the 
data for s>s: can be greatly diminished by 
multiplying the integrand by a suitable con- 
vergence factor, and so-called artificial tem- 
perature factor®), exp(—as?), has been often 
applied for this purpose. The problem caused 
by the lack of the data for s<so has been 
treated, in the case of small gas molecules, 
by the use of the intensity calculated from an 
approximate model of the structure as the 
extrapolation function’):”. Since the intensity 
in this range is insensitive to the small change 
in the model, this is a useful procedure of 
convenience; still the intensity has a large 
contribution to the radial distribution as low 
frequency components. In the case of large 
gas molecules and liquid, and amorphous sub- 
stances, however, the proper extrapolation 
can be hardly obtained by the above treat- 
ment, since it is difficult to estimate the ap- 
propriate intensity because of the vast number 
of the structure parameters and the con- 
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<eivably possible models. If we fail to judge 
the correctness of the extrapolation to s=0, 
an incorrect result may be derived by the 
deceptively false radial distribution. 

In the present paper, the uniqueness of the 
extrapolation to s=0 will be discussed, and 
a procedure to extrapolate the available data 
for (So, si1) to s=0 without any assumption of 


Tadashi INO 
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§ 2. Properties of the Error 


Suppose that an empirical function is avail- 
able as the proper structure sensitive func- 
tion, Us), for s>so, but not available for 
s<s. Let I*(s) be a function extrapolated 
tos=0. Then the radial distribution function 
D*(r) obtained from the extrapolated function 
is expressed as follows: 


.a model will be described. 


277 D* (7) = 7 sI*(s) sin sr ds+ i. sI(s) sin sr ds . 
0 89 


From Eq. (1), it follows that 2 


rAD(r)=r(D(r)—D*(r)) = (1/22?) \" sAI(s) sin sr ds , (3) 


0 


where 4J(s)=J(s)—I*(s). 
asymptotically expanded: 


By repeated partial integration, since 4J(so)=0, r4dD(r) can be 


v4 D(r)~(1/2z?) (sds). 


—(s4I(s)),2 5, sin (Sov)/r4++ +}. 


sin (sor)/7?+(s4I(s)). 


s=89 


cos (sov)/7? 
(4) 


‘The error in the distribution function calculated from the extrapolation has such an asymp- 
totic ripple as defined by the discreteness of the derivatives between J(s) and I*(s) at s=s, 
according to Eq. (4). Then, if there does not exist such a ripple, J*(s) should be the analy- 
tically connected function of J(s) so that all the derivatives of s4/(s) at s=s, be zero; thus 
I*(s) is proper extrapolation function. 

The radial distribution must be vanish, when 7 exceeds a certain value Ro, so-called non- 
zero range”. Consequently, if D*(r) has no ripple for r>Ro, J*(s) is the correct extrapola- 
tion function, and the converse of the proposition holds true. Therefore, it must be 
a necessary and sufficient criterion for judging the extrapolation to s=0 that D*(r) should 
have no ripple beyond Ro. 

Since Legendre polynomials form a complete set of orthogonal functions, s4/(s) can be ex- 
panded as 


ls|<So 


s4I(s) =s(I(s) —I*(s)) _ Ns = (—1)¥axPex+1(s/so) ( 5 ) 


0 Is] >So , 


where Poxsi(t) is the Legendre polynomial of (odd) order 2k+1. Using the Fourier inversion 
relations'’”:+) between Legendre polynomials and spherical Bessel functions* such that 


1 
| ReniGsiniad ei eo 
0 


\ jowsi(x) sin xt dx= fe to lél<1 


léj/>1, 


0 


vy4D(r) in Eq. (3) can be transformed: 


rAD(r)= so(2n)-*!? S) axjarsa(sur) . (6) 


*) Spherical Bessel function is defined stch that 


In x) =(n/2a)/?2In+ 1/2) , 
Where Jn+if(@) is an ordinary Bessel function. 
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Consequently, the error of the radial distribution function due to that of the extrapolated’ 
function is composed of spherical Bessel functions of odd order, and since jox::(x) forms a set. 
of orthogonal functions, it never vanishes unless all ax’s are zero. 

Next, let us derive the relations useful for the determination of ax’s so as to obtain the. 
correct extrapolated function. 
Relation (i). 

From Eq. (5) it follows that!” 


(2/m)/?(sAI(s))sae, = (-1) aePuea(l)= i (kak , (7): 
= =0 
a” : e (Qk+n+1)! 
Y 1/2 A a —1)k (nm) es = <= 5 et ee et eee 
FE ie OE Ba Ee endl 


Since siis) is known at s=s, and its derivatives can be derived from the data for s>so by” 
the numerical differentiation, the above relations can be adopted as the equations in terms. 
of ax’s. 
Relation (ii). 

Eq. (5) leads another relation: 


$22)! 


DPR RED! * =a 


(2/n)Z (sAI(s))co= Si (—1)¥avP’en11(0) = 
ds k=0 
On the other hand, following relation can be derived from Eq. (1). 
d f: co 
esi ())s-0=4e | PD) dr . 
ds 0 


This integral is a constant characteristic of the matter studied and can be determined’ 
independently of the accuracy of the diffraction data. In the case of gas molecules, it is. 
regarded proportional to (S| Z:)?»—>) Z:?, where Z; is the atomic number of the constituent 


atoms and the summation extends over all the atoms in a molecule. In the case of liquid 
and amorphous substances, it is zero, because J(s) is usually treated so as to correspond to: 
{D(r)—Do} instead of D(r), where Do is the volume average of D(r)'». Hence, Eq. (8) is. 
very restrictive condition for the determination of a’s. 
Relation (iii). 

By the differentiation of r4D(r) in Eq. (3) we can derive the equations as follows: 


on ADP) pn0=(—1)" Ih s*+2A](s) ds=(—1)"x/2)+/? my (—l)tax ie s+! Poxs1(s/So)ds , 
0 vide 


c dyn 0 
and then 
(2n)9/2 a (PAD (1) rn0= 50° , 
8 . 
—(20)8*-£ PADI?) naa = (Qol5—2as)35) , (9) 


non (rAd D(r))r=0=S$0°(Go/7 —4.41/63 + 842/693) , 
r 


where the relations!” 


| 0 n<k 


(2n+1)!2%*+4(n+k+1)! Wek 


\ £2"+1 Pozi s(t) dt= 
(2k+2n+3)!(n—k)! S 


0 
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are used. Therefore, the first equation in Eq. (9) will determine directly a@ and the succes- 
sive equations will determine the successive coefficients of the polynomials in Eq. (5). These 
features are advantageous for the determination of a’s. The derivatives of rD(r) at 7=0 
can be estimated in advance; in case of gas molecules the derivatives of the first few orders 
may be regarded as zero, and in the case of liquid and amorphous substances they may be 
regarded as zero, except the first derivative which may be regarded as —D according to 


the usual treatment mentioned in Relation (ii). 


Hence, the first few members of the equations 


in Eq. (9) can be adopted as the equations in terms of a’s. 


Relation (iv). 


The criterion mentioned before claims the following equation: 


rAD(r) =s0(2)-2/2 5 GLjR=O 
=0 


-where Fy is the non-zero range. 


r>Ro, (10) 


Since the numerical table of j2x+:(x) is available, Eq. (10) 
yields a number of equations in terms of a’s. 


As the result, the correction of the extrapolated function can be performed by solving the 
simultaneous equations consisting of Eq. (7) to Eq. (10) for ax’s. 


Extrapolation Prodedure 


$3. 


Provided that J*(s)=0 for 0<s<so, Eqs. (3), (5), and (6) lead 


co 


s4I(s)=sI(s)=(a/2)1/? =, (—1)¥axPon+1(s/So) 


a) 


cand 


‘Hence, without any assumption about the 
intensity s<so, the proper extrapolation can 
‘be directly obtained through Eq. (11) by 
determining dx’s so as to satisfy the same 
relations as mentioned in § 2. 

Although ordinary functions should be ex- 
panded by an infinite series of Legendre 
polynomials, we are actually forced to ap- 
proximate it by a finite series, since we can- 
not handle equations containing the infinite 
number of coefficients. With the help of the 
orthogonal relation of spherical Bessel func- 
tion!” such that 


corr : 0 MEN 
n m a: — 
\ ISTE een M=Nn, 


-we can derive the relation from Eq. (11) 
(/2)?ax=4n(4k+3) |" eD(p)joxs1(Sop)do. (13) 
0 


For simplicity, the substance is assumed to 
have such a radial distribution® as follows: 


rD(r)= > ciglO(r—rij) —O(r+rij|iriz , 
aj 


2727D* (7) = . sI(s) sin sr ds , | 


v4 D(n)=rD(r) —rD*(r) =s0(2n)-3/2 Sy Axjox+zi(Sor) . | 


Is]<So , (11) 


(12) 


where 6(x) is Dirac delta function and 7:3 is 
the atomic distance of atom pair (ij) and the 
sum extends all over pairs. Then, a: can be 
easily obtained: 


(n/2)ax=4n(4k+3) SY Se jaess (Sores) ; 
aj a3 


Therefore, the contribution to ax of an (zj) 
pair can be estimated from the value of 
Jox+i(x) at x=soriz. According to the above 
discussion, we can roughly predict the magni- 
tude of ax’s and the number of terms to be 
taken for good approximation. All the coef- 
ficients of higher terms than the (2k+1)th 
term may be neglected, if jexsi(x) is small 
enough in the range (0, sofo), where Ro is 
the non-zero range of the substance, because 
the first term in power expansion of jox+i(x) 
is x**+1/{(4k+3)(4k+1)....5.3)9. As long as 
the substance has a finite non-zero range, in 
consequence, the adequate extrapolation can 
be achieved by a finite series of the expansion. 
The more terms should be taken, in case 
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the substance has the longer non-zero range 
and the larger value of s) is to be employed. 


$4. Example 


In order to study the applicability of this 
method to a actual structure analysis, the 
author has taken up, an instance where the 
structure sensitive function, J(s), is given by 
100 sin (1.54s)/s in the range (2z, 8x) and un- 
known elsewhere. First, rD*(r) in Eq. (12) 
was computed by punched-card method, 
where the integral was approximated by the 


© EXTRAPOLATED 


Fig. 1. 


the function obtained by the extrapolation produre. 


inversion of the negative parts of rD*(r). 
negativity criterion after the 3rd correction. 


Thus, the extrapolation function was deter- 
mined by these according to Eq. (11) and was 
found to be almost the same as 
100 exp (—s?/10z”) sin (1.54s), as shown in Fig. 
1. The radial distribution function was com- 
puted from the extrapolated intensity. As 
shown in Fig. 2, it has almost no ripples 
outside of the peak 7=1.54A and no appreci- 
able difference from the intensity in the range 
of (0,8). Thus, the extrapolation function 
was found to be very satisfactory. 

An attempt was made to extrapolate only 
according to the non-negativity criterion 
proposed by Karle and Karle®’, stating that 
the radial distribution should be everywhere 
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sum over evenly spaced s-values (spacing 
As=n/5) and a damping factor exp (—s?/10z?) 
was used. It has spurious maxima and 
Minima outside the peak at r=1.544 as illus- 
trated in Fig. 2. Using the values of sis), 
its lst and 2nd derivatives at s=2z and the 
values of the Ist, 3rd, and 5th derivatives of 
rD*(r) at r=0, the author succeeded in deter- 
Mining @, di, and dz according to Relations 
(iil) and ds, ds, ds, and ad according to Relation 
(i) and (ii): @=20.17, a1= —36.85, a2 = —21.75, 
Gs= 162187117415. Gs=79.31), and d= 15.47. 


INTENSITY 


The small circles represent 
The dotted line indicates the Fourier 
The dashed line is the curve obtained by non- 


positive. In case the information of s/(s) for 
S<So is not available, the extrapolation should 
be made so as to remove at least the negative 
parts of rD*(v). Then the extrapolation func- 
tion should be made of the Fourier inversion 
of the negative parts of rD*(r). The inversion 
has generally large value outside of (0, so), 
as illustrated in Fig. 1, so that the extrapola- 
tion thus obtained may not entirely remove 
the negative parts. This process should be 
repeated untill the negative parts would 
vanished. In this example, it was repeated 
three times. But the resultant extrapolation 
and radial distribution functions were far 
from satisfactory, as shown in Figs. 1 and 2. 
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The thin and heavy lines show rD(r) and rD*(r), respectively. The small circles represent 


the radial distribution function obtained from the extrapolated intensity. The dashed line is 
the radial distribution curve obtained by non-negativity criterion after the 3rd correction. 


§5. Dsicussion 

Since J(s) is considered analytic, its exact 
knowledge for even an arbitrarily small 
range of s will define uniquely J(s) for all 
the rest of s by the principle of analytic 
continuation. The function to be extrapolated 
to s=0 must be analytically connected at 
s=So with the known function J(s) for s>5o. 
As experimental data always contain some 
degree of error and the derivatives at s=so 
cannot be obtained exactly, the process of 
analytic continuation is not available for the 
extrapolation of the empirical function. 

As mentioned in § 2, the error of the radial 
distribtion due to that of the intensity for 
S<so has asymptotic ripple caused by wrong 
continuation at s=so of the extrapolation, and 
furthermore it is composed of the series of 
spherical Bessel functions. From the mathe- 
matical behavior of the error, the necessary 
and sufficient criterion for the extrapolation 
is derived to be the absence of ripple beyond 
non-zero range Ry in the radial distribution 
curve calculated from the extrapolation. This 
may be called non-ripple criterion. The non- 
negativity one has been conveniently used in 
the case of small gas molecules but it is not 


sufficient but necessary criterion. As shown 
in §4, it may not be powerful unless the as- 
sumed intensity is good enough, but the non- 
ripple one is quite useful in any case. 


The extrapolation procedure consists in the 
approximation by the Legendre polynomials. 
From Eq. (13) it follows that the proper ap- 
proximation can be made by a finite series, 
as long as the non-zero range of the material — 
is limited. Furthermore, in the case of liquid | 
and amorphous substances, it is necessary, 
from a standpoint of the approximation, that 
the intensity should be treated so as to cor- 
respond to the deviation of rD(r) from its 
average Do instead of rD(r), because the | 
former has much shorter non-zero range than | 
the latter. Proper extrapolation function can | 
be determined through Eq. (11), where ai’s | 
should satisfy the Relations (i) to (iv). Rela- | 
tions (i), (ii), and (iii) contain the differential | 
derivatives of the experimental data, and the 1 
number of the avaliable equations derived | 
from them is practically limited, since the | 
derivatives of high order cannot be exact. | 
The calculation in §4 was made taking ac- 
count of these facts, and such a satisfactory ) 
intensity function was derived that the cor- _ 
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rection was not tried. The correction can be 
also made, if desired, by using more coefficients 
ax’s and solving more simultaneous equations 
in Eg. (11) claimed by non-ripple criterion by 
means of least squares. As the result, the 
method proposed in this paper is inferred to 
be successfully applied to the experimental 
data so that the extrapolation can be obtained 
straightforwardly without any assumption of 
the structure in advance. 
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Observations on the Polygonization of Bent LiF Crystals 
by the Berg-Barrent Method 
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Weakly bent LiF crystals are successively annealed at various tempera- 
tures from 400°C to 800°C and the polygonization process is observed. 
Slip lines disappear at about 450°C and appear again at about 500°C. 
At higher temperatures than 500°C, edge dislocations move to form poly- 
gon walls. The complete polygon walls are produced at 660°C, and 
coarsening of polygon domains occurs above this temperature. The 
coarsening proceeds through either of two processes: coalescence of 
two branches of the Y-shaped polygon walls and absorption of a polygon 
wall by another parallel polygon wall. The L-shaped polygon domains 
are formed when two glide systems, perpendicular to each other, are 
acting, which are predominant on either side of the neutral plane, respec- 


tively. 


Introduction 


Sit 

In these several years, studies on polygon- 
ization have been especially done by the 
optical method using decoration or etch pit 
techniques”. Recently X-ray diffraction has 
been successfully used for observing lattice 
defects such as dislocations. In the X-ray 
studies, although the resolving power is gene- 
rally not so high as in the optical studies, the 
specimen does not suffer from the change of 
its state which could not be more or less 
avoided on etching or decoration. Among 
various techniques of X-ray diffraction, the 
refined Berg-Barrett method developed by 
Newkirk” is suitable for studing the surface 
of crystals. Using this method, Newkirk ob- 
served cleavage surfaces of LiF crystals 
plastically deformed by compression or cleav- 
ing, and later Yoshimatsu and Kohra® studied 
also the state of cleavage surface of LiF 
crystals in detail. In the present paper, the 
polygonization process in weakly bent LiF 
crystals was studied at various annealing 
temperatures. 


§2. Experimental 

Several specimens about 2x2x10 mm. in 
dimension were prepared by cleaving from a 
large block of LiF crystal*. At the room 
temperature specimens were bent by pressing 
between two matched metal pieces with 


* The crystals which were classified as mono- 


chromator quality were purchased from _ the 
Harshow Chemical Co.. 


cylindrical surface of 10cm. in radius. Weak 
bending was made in the present study, be- 
cause the resolving power of the present 


method is limited. Specimens were bent 
around the [100] axis perpendicular to the 
cleavage face (100), as shown in Fig. 1. They 
Cool] 
( COIOI 
Bending 
C100] Couple 
Fig. 1. The orientation relationship of bent 
crystals. Crystals were bent around the [100] 


axis. 
with (202) and (220) reflections. 


The hatched surface was photographed 


were then annealed at various temperatures 
up to about 800°C for three hours at each 
annealing. Aiming to know qualitatively 


various stages of polygonization, X-ray photo- | 


graphs were successively taken from the (100) 
surface at the room temperature. Cr radia- 
tion was used. {220} reflections mostly, and 
(200) reflections, sometimes, were used. The 
technical details of the refined Berg-Barrett 
method were described in the previous paper. 


§3. Observations at Various Stage of An- 


nealing 


Typitical photographs at two stages of a > 
specimen are given in Fig. 2. The upper | 
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was taken immediately after bending and 
the lower after annealing at 700°C. The 
same part of the photographs taken at various 
stages of annealing was enlarged and shown 
in Fig. 3. 

First, let us see the photograph of Fig. 2 (a). 
Along the horizontal, central line in the pho- 
tograph a white line is seen, which corre- 
sponds to the neutral plane of bending. Two 
kinds of slip lines parallel to the [011] and 
[011] directions can be seen except the neutral 
region, or at least less in that region. The 
]O11] glide system is predominant in the 


upper region, while the [011] glide system is 


(b) 


Corl 
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predominant in the lower region, on the 
contray to the expectation that two glide sys- 
tems would appear with equal probability over 
the whole area. The tendency that one of 
both directions is predominant in one region 
was observed in other specimens. On the 
other hand, crossed slip lines are always 
found near the upper and lower surfaces of 
crystals. 

It is also observed that short slip lines are 
arranged side by side in the direction vertical 
to themselves, forming diffuse bands in ap- 
pearance. This implies that the specimen is 
bent more heavily in the diffuse bands than 


coed 


COU 
COIOJ 


Fig. 2. General views of slip lines, (a) and polygon walls, (b). A region surrounded by white lines 


were enlarged and shown in Fig. 3. 


in other regions. 

Next, the specimens were annealed at vari- 
ous temperatures. To examine changing 
process with time at a certain temperature, 
a specimen was annealed at 600°C for one 
hour to 30 hours. It was found that no ap- 
preciable change appeared with annealing 
after one hour, although a change was clearly 
seen with further annealing at an elevated 
temperature. Accordingly, annealing time 
was fixed for three hours in order to study 
the qualitative nature of the change in state 
with temperature. 


Let us describe g 
annealing. 

(i) With the annealing up to 400°C, no 
change from the initial state was observed. 

(ii) After annealing at 450°C, it is seen 
that most of slip lines and the neutral line 
became unclear except some slip lines showing 
the strong intensity contrast near the circum- 
ference, as shown in Fig. 3(b). This fact is 
observed in the whole region of the present 
crystal. It seems to correspond to the one 
reported by us that dislocations near the 
surface produced by cleaving disappear easily 


eneral features after each 
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(a) 


(c) 


Fig. 3. Successive change in state in the various stages of annealing. 
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| 


(a), after bending. (b), (c), 


(d), (e) and (f), after annealing at 450°, 510°, 600°, 660° and 700°C, respectively. These photo- 
graphs were obtained from the same region surrounded by white lines in Fig. 2. 


by heating the crystal. In order to study 
this fact more in detail, another bent crystal 
annealed at 450°C, in which slip lines disap- 
peared in the same way as above, was cleaved 
into halves. The new surface, which cor- 
responds to the interior, was different in 
appearance from the old surface, and similar 
to the one before the heat-treatment, that is, 
slip lines appeared again in the similar way 
to the surface before the heat-treatment. 
From this fact, it can be said that the disap- 
pearance of slip lines with the heat-treatment 
at 450°C is limited to the region near the 
surface, while the state of the interior does 
not change at this temperature. Although it 


is difficult to give a decisive explanation for 
this phenomenon, it can be said that the 
dislocation loops near the surface more easily 
disappear at the surface. 

With further annealing at a higher tem- 
perature, 510°C, new short streaks of the 
same direction as the initial slip lines and the 
neutral line which is narrower than the initial 
one appeared again as seen in Fig. 3(c). 
These new streaks can be more clearly seen 
in Fig. 4(a) which was photographed on 
another specimen. In the similar way to the 
initial state before heat-treatment, these short 
streaks are closely arranged side by side in 
the direction perpendicular to themselves. 


1961) Polygonization of Bent LiF Crystals 2249 


(d) 


; Loma sey eas 


Fig. 4. Photographs showing the process from the stage of the thermally induced glide to that of 
the beginning of polygonization. (a), (b), (c) and (d) were obtained after annealing at 500°, 
530°, 560°, and 580°C, respectively. 


(b) 


Fig. 5. Interaction between a subgrain boundary Fig. 6. Growth of polygon domains bounded by 


and a polygon wall. (a) is the initial state and the nearly parallel polygon walls. (a), after 
(b) is after annealing at 700°C. annealing at 700°C, (b), after annealing at 730°C. 
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Hibbard and Dunn* found a similar phe- 
nomenon in the region near the neutral line 
for bent Fe-Si single crystals with etch pit 
technique, and considered these slip lines to 
be caused by the residual stress. They named 
this phenomenon the thermally induced glide. 

(iii) The details of change with successive 
annealing from 500°C to 580°C for another 
specimen are shown in Fig. 4. The thermally 
induced slip lines became again gradually 
indistinct as shown in Figs. 4(b) and (c), 
and then straight bands appeared in the 
direction perpendicular to the initial slip lines, 
that is, in the [011] direction as seen in Fig. 


Fig. 8. The transmission Berg-Barrett photo- 
graph obtained with the (020) reflection, showing 
overlapped images due to dislocation lines in 
polygon walls. The arrow indicates a image 
due to a single dislocation line. 


(a) 


(422) x44 


Fig. 9. Two kinds of the Laue subspots obtained 
from crystals immediately after bending. 


(b) 


D, (d) 


P [Ollie tenn 
Bi 


Fig. 7. Growth of polygon domains with Y-shaped 0.5 mm 


polygon walls. (a), (b) and (c), after annealing 
at 700°, 730° and 790°C, respectively. (d) is a Fig. 10. The Berg-Barrett photographs obtained 
schematic drawing of a Y-shaped wall indicated from the same crystal shown in Fig. 9(a). (a) is 


by the arrow 1. the (202) reflection and (b) is the (220) reflection. 
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4(d). These bands also seem to consist of 
piling up of very short lines and to corre- 
spond to the beginning state of polygon walls 
as seen later. 

In Fig. 3(d), taken after annealing at 600°C, 
the diffuse bands consisting of short lines 
became narrower and more distinct. With 
further annealing at 660°C, as seen in Fig. 
3(e), the diffuse bands become sharp. These 
are no more than polygon walls. These 
straight polygon walls are mainly found in 
the inner part or in the region where only 
one direction of slip lines is predominant. 

It is, also, to be noted in Fig. 3 (e) that the 
polygon walls of irregular directions exist 
near the circumference, especially near the 
upper part, besides those of parallel directions. 
It seems that such irregular polygon walls 
are found in the region where the crystal 
was heavily distorted or two different slip 
directions were active. 

(iv) With further annealing at a higher 
temperature, say 700°C, the coarsening of 
polygon domains is observed (Fig. 3(f)), 
although it can be said that the generation of 
polygon walls has finished for the heat- 
treatment at 660°C. The photograph from 
the whole region for this stage is given in 
Fig. 2(b). The details of the coarsening will 
be discussed in the next paragraph. 

In the case where a polygon wall intersects 
a small-angle subgrain boundary, an interac- 
tion was observed between them as shown in 
Fig. 5. Dislocation lines constituting the 
subgrain boundary are absorbed into the poly- 
gon wall, and the direction of the subgrain 
boundary is changed near the intersecting 
point in such a way that the dislocation lines 
tend to be connected with shorter distance to 
the polygon wall. It was observed that the 
interaction become strong with decrease of 
the intersecting angle between the polygon 
wall and the subgrain boundary. 


§4. Coarsening of Polygon Domains 


After formation of polygon walls, polygon 
domains continue to grow gradually with an- 
nealing at higher temperatures. As the pro- 
cess through which the growth of polygon 
domains proceeds, the following two charac- 
teristic features were observed. 

(i) The growing process of polygon 
domains bounded by nearly parallel, straight 
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polygon walls is shown in Figs. 6(a) and (b), 
which were taken after annealing at 700°C 
and 730°C, respectively. The intensity con- 
trast of the polygon wall indicated by 2 in 
Fig. 6(a), which are located at a equal 
distance to the adjacent walls, become re- 
duced in Fig. 6(b), but it’s relative position 
to the adjacent walls remains to the same as 
before. On the other hand, the wall 1 and 
3 are shifted toward the neighbouring walls, 
respectively, and their intensity contrast is 
generally reduced, although it changes along 
the length. It is considered that the reduc- 
tion of intensity contrast is due to the 
decrease of the dislocation density in the wall 
and the missing dislocations are absorbed 
individually or in the form of a short array 
into the adjacent walls. Especially, the dis- 
locations in the wall 2 are considered to be 
absorbed with nearly equal extent into the 
walls of both sides. It is to be noted that 
an attraction force exists between parallel 
dislocation arrays with a distance as long as 
40v. The polygon wall, which seems to be 
in the process of disappearing, has been ob- 
served optically by Hibbard and Dunn® by 
means of the etch pit technique. Amelinckx 
and Dekyser! proposed a probable mechanism 
of coarsening for such polygon domains. 
According to them, if a semi-finite wall is 
situated between two infinite walls, the dis- 
location at the top of the semi-finite wall is 
absorbed successively into the adjacent infi- 
nite wall. However, as mentioned above, the 
dislocations in the infinite wall (not at the 
top) are also probable to be absorbed into the 
adjacent infinite wall. 

(ii) Another process of coarsening are ob- 
served in the Y-shaped boundary, where three 
polygon walls meet together at a point, 
forming the boundary of irregular shape. A 
series of photographs, which were obtained 
from another specimen, are shown in Fig. 7. 
The points where three polygon walls meet 
are indicated by the arrows. The boundary 
indicated by the arrow 1 in Fig. 7 (b) is given 
schematically in Fig. 7 (d). With elevation of 
the annealing temperature, polygon walls Bz 
and B; recede, and the point P proceeds upper- 
wards. Asa result, the domain Ds is reduced, 
while the domains D: and D: grow at the 
neighbourhood of the point P. Asa general 
tendency, the irregular boundary seems to be 
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rearranged so as to be parallel to the diagonal 
directions [011] or [011]. The polygon 
domains of irregular shape grown through the 
process above mentioned are generally larger 
than those of parallel shape grown through 
the process mentioned in (i): , The similar 
coarsening process of Y-shaped polygon 
domains has been already reported by Gilman®, 
and Hibbard and Dunn?’)»), who found it in 
the polygonization of bent Zn crystals and 
Fe-Si crystals, respectively, with etch pit 
technique. 


§5. Shape of Polygon Domains 


In Figs. 3(e) and (f) or 2 (b), it is seen that 
most of polygon walls are parallel to [011] in 
the lower side than the neutral line, while in 


the upper side they are parallel to [011] near 
the neutral line and further to [011] near the 
circumference. These directions of polygon 
walls correspond respectively to the direction 
perpendicular to the predominant direction of 


slip lines before the heat-treatment. Thus, 
L-shaped polygon walls are formed.* 
Since X-ray penetration depth into the 


crystal is in order of 10y, the observations 
mentioned above are practically restricted to 
the thin layer near the crystal surface. In 
order to see the difference in state between 
the surface and the interior of specimen, two 
bent crystals of about 2mm. thick, which 
were annealed at 660°C and 710°C, respec- 
tively, were cleaved into halves. The both 
photographs from old and new surfaces were 
found to be essentially the same in appearance 
in the both cases. Accordingly, it can be 
said that the observations on the side surface 
of bent crystals are usually valid for the 
interior of crystal. 

Furthermore, in order to know whether the 
polygon walls lie vertically to the side surface 
or not, the transmission Berg-Barrett photo- 
graph® of a thin specimen (0.35 mm. thick) 
was taken, which was bent with the same 
radius of curvature of 100mm. as before and 
annealed at 700°C for three hours. In Fig. 
8, the photograph is given, which was ob- 
tained with the (020) reflection. It can be seen 
that most lines run parallel to the bending 


The existence of L-shaped crystallites was also 
concluded by Hosoya et al’), in the study on the 
polygonization of bent NaCl crystals by the etch 
pit technique and the ordinary Laue method. 
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axis, some lines are diffuse, being considered 
to be due to overlapped dislocation lines, while 
some lines are sharp, probably corresponding 
to individual lines. In any case, 
said that the dislocation lines are generally 
parallel to the bending axis, that is, perpen- 
dicular to the side surface. Further, it can 
be said that the polygon walls are vertical to 
the side surface of bent and annealed crystals. 
In this way, L (or double L)-shaped slabs lie 
perpendicularly to the side surface. 


$6. Comparison with the Ordinary Laue | 


Method ~ 


It has been often reported that the diffrac- 
tion spots obtained by the Laue method split 
into subspots, although not well defined, for 
bent crystals before the heat-treatment. 
From this fact, some investigators have con- 
sidered that 
immediately after bending at the room tem- 
perature. On the other hand, Gilman* took 
a stand againgt this opinion and remarked 
that the observation by the X-ray diffraction 
alone does not constitute satisfactory evidence 
of polygonization. 

We have also tried to take diffraction pho- 
tographs by the ordinary Laue method im- 
mediately after bending. The photographs 
are given in Fig. 9. Fig. 9(a) was obtained 
from a crystal bent by three point loading, 
where more heavy bending is given than the 
case of cylindrical bending above mentioned. 
The spot splits into subspots, in each of which 


the intensity enhancement is seen at both | 


ends along the length. This pattern is similar 
to the ones which were obtained by some 
previous workers and was explained to be due 
to polygonization. But this explanation will 
be proved to be wrong, if the Berg-Barrett 
photograph obtained from the same crystal is 


observed. The Berg-Barrett photographs of | 


(202) and (220) diffractions obtained from the 
same region as Fig. 9(a) are shown in Figs. 
10 (a) and (b), respectively. 
sharp, narrow lines exist parallel to the [011] 
direction with spacing of about 0.2mm. and 
they are closely accompanied by a white line, 


the relative position of which changes with | 


both diffractions. Since white lines imply 
that the diffraction did not take place, these 


lines are not a simple boundary constituted |[ 


by dislocations, but a boundary with local 
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it can be | 


It is seen that | 


the polygonization occurred it 
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lattice rotation. The number of domains 
bounded by these lines are approximately equal 
to that of the Laue subspots. With sub- 
sequent annealing, moreover, the polygoniza- 
tion was found to take plane in the domains 
by the Berg-Barrett method, but not recog- 
nized by the Laue method. Accordingly, 
these boundaries are considered to correspond 
not to polygonization walls but to the regions 
where the lattice was heavily rotated. 

In Fig. 9(b), the Laue spot from the speci- 
men is given, which was weakly bent in the 
same way as done hitherto in the present 
paper. The intensity is enhanced at upper 
and lower ends, but splitting in the lateral 
direction is not seen. It is considered that the 
two broad subspots resulted from diffraction 
at the both sides of the neutral plane of bend- 
ing. It is clear that the polygonization does 
not take place in the present stage, the 
diffuse spots result from the intensity en- 
hancement due to the dense dislocations at 
the both sides of the neutral plane. 


§7. Discussions and Conclusions 


The Berg-Barrett method is generally dif- 
ficult, although not impossible, to obtain the 
image of good contrast due to individual dis- 
locations outcropping on the surface as re- 
ported in the previous paper®). However, 
since the intensity contrast is greatly 
increased when dislocations are congregated 
into an array, the present method provided 
us an useful means for observing the phe- 
nomena such as the present polygonization 
process. As mentioned in §1, the present 
method was able to present us the information 
of the phenomena successively caused by the 
heat-treatment. For instance, two processes 
of coarsening of polygon domains, which have 
been only inferred from the fragmental ob- 
servations by the etch pit technique, were 
actually observed by the present method. 

In the present method, also the phenomena 
limited in the very thin surface layer are not 
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overlooked as mentioned in § 3 (ii). This isa 
great advantage of the Berg-Barrett method. 

By the use of these characteristics, poly- 
gonization process was observed. The pro- 
cess are roughly divided into three succeeding 
processes, (i) the disappearance of some 
dislocations in the slip lines through the 
crystal surface and regeneration of slip lines, 
(ii) the formation of polygon walls and (iii) 
the growth of polygon domains. 

In this study, it was a purpose to show an 
availability of the Berg-Barrett method for 
the study on the lattice defects as an X-ray 
method. The work was confined to be quite 
qualitative. However, the kinetics of poly- 
gonization would be possible to be studied by 
following the change of the state with time. 
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Intensity of electron diffraction Debye-Scherrer rings of evaporated 
films of alminium, nickel, gold and sodium fluoride was measured for 
electrons in a range of wavelength 4 from 0.1 to 0.025 A (accelerating 


voltage from 15 to 200 kV). 


Logarithm of observed intensity varies linearly with #? for not too 
large A in accordance with the dynamical theory of two-wave approxi- 


mation. 


value within experimental errors 5~15%. 
relation, too, coincides with the value calculated from the theory. 


The value extrapolated to 4=0 coincides with the kinematical 


The gradient of the linear 
No 


complication was found which requires explicitly the many-wave theory. 
The deviation from the linearity for large 2 was reasonably explained as 


a result of absorption. 


§1. Introduction 

Crystal structure analysis based on intensity 
data of electron diffraction has been developed 
recently by many workers”.”).®») in view of 
the following advantages: (1) A very small 
amount of substance produces sufficiently 
intense reflections, making it possible to work 
with single crystal patterns even for sub- 
stances of very poor crystallization. (2) In 
potential distribution maps given by this 
method, light atoms produce higher peaks 
than in electron density maps given by X-ray 
method. (3) Shifts of bonding electrons have 
a larger effect on electron diffraction than 
on X-ray diffraction. 

To take advantage of the method fully, 
especially in respect to (2) and (3), however, 
a number of difficulties must be overcome. 
Difficulties in specimen preparation and control 
and those arising from poor angular resolution 
of the diffraction patterns are considerable. 
A more serious and essential difficulty, how- 
ever, consists in the fact that the dynamical 
effect is significant in electron diffraction. 

Analysing earlier intensity data of powder 
patterns, Blackman‘ pointed out that the 
primary extinction effect is hardly negligible 
even for small crystals composing evaporated 
films. From intensity data of powder patterns 
due to Yamzin*), Pinsker drew the conclusion 
that the effect is not so important in practi- 
cal samples’. Lennander® and Kuwabara”, 
however, concluded the contrary based on 


their experiments similar to Yamzin’s experi- 
ment. 

These workers studied the variation of 
Debye-Scherrer ring intensity which occurred 
when the particle size of specimens was 
varied. It is difficult to control and determine 
accurately the particle size. And too much 
reduction of the particle size impairs the ac- 
curacy of intensity measurement as a result 
of increased overlapping of intensity profiles 
of rings. Therefore, examinations of the 
dynamical effect by particle size variation were 


limited in accuracy. On the other hand, the |} 


wavelength of electrons, which is another 
important parameter of the effect, can be 
varied finely and determined accurately. 
Moreover, the effect of the change can be 
examined sample by sample. In a previous 
paper®, a preliminary result of such an ex- 
amination was reported, showing that the ob- 
served intensity for an evaporated film of 
aluminium tends to the kinematical value 
when the wavelength tends to zero. This 
result was in accordance with the theory of 
primary extinction formulated for the case of 
electron diffraction by Blackman‘ using the 
two-wave approximation of the dynamical 
theory” 

In the meanwhile, Hoerni!® pointed out 
that the systematic interaction of various re- 
flections from the same reflecting plane is 
significant in electron diffraction in addition 
to the interaction between the primary wave 


2254 


1961) 


and the reflected wave. In connection with 
this, Miyake! revealed a paradox of Bethe’s 
second approximation, namely that it leads 
not to the kinematical potential but to the 
dynamical potential, including many wave in- 
teraction, at the limit when the product of 
wavelength and thickness of crystal tends to 
zero. And he pointed out the importance of 
many-wave theory. Concerning the problem, 
the pseudokinematical theory’? and Cowley 
and Moudie’s theory’) based on the principle 
of physical optics have been developed. Fuji- 
moto and Fujiwara'®) have succeeded in 
solving the dynamical equations containing 
many-wave interaction. They showed that 
the intensity should tend to the kinematical 
value at the limit, although the approach is 
more complex than that predicted by the two- 
wave approximation. 

Recently, Fujiwara’® has noticed the practi- 
cal importance of the relativistic correction 
in intensity of electron diffraction which had 
been introduced previously by von Laue.?” 
This correction is due to the relativistic cor- 
rection of electron mass. In this connection, 
Miyake et al.!® gave a revision of the method 
to get the kinematical intensity by wavelength 
change.® 

In view of these situations, it is of interest 
to re-examine electron diffraction intensity 
due to powder samples by a refined technique. 


§2. A review of theories 


According to the dynamical theory of two- 
wave approximation applied to a plane parallel 
plate crystal of thickness D, the integrated 
intensity of electron diffraction is given by 


23 (“ame ea FAV, (1) 


Teco heune joi 
where J) is the incident intensity, vp the 
Fourier potential of crystal concerned, @ the 
Bragg angle, Vo the unit cell volume and V 
the irradiated volume of crystal. The func- 
tion f(An) is the primary extinction factor 


defined by” 
f(A=q-\™ bea) dx , (2) 
An Jo 


where 


ee Ds (3) 


h Vo 
and Jo(x) is the zero-th order Bessel function. 
An approximation 
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f(An) =exp( —= Ant) (4) 


holds for A<2 within an error less than 1% 
(Fig. 11). 
Then, for A<2, 

aia ) 2 
20Ve2\ he 
1 (2xmvee \? ,,. |val? 
(ae pe | 
a h? ) Vo? . 
The logarithm of relative intensity, which is 
measured practically, is 


In pln 


(5) 


Th 6, lval? 
] = [n——- 
ay; mtg lve |? 
1 1 (2xme\* ay 
pM Ff SEO —lvr|2)42D2 , 
: aol 3 ) (oa lvrl?)42D 


(6) 
where 7 is the index of the standard reflec- 
tion. Eq. (6) shows that there is a linear 
relation between In(J,/J,) and 22 so far as 
two-wave interaction is concerned. The kine- 
matical value of intensity can be obtained by 
a linear extrapolating method. 

When many wave interaction is taken into 
account, the situation is not so simple, al- 
though the observed intensity tends eventually 
to the kinematical value at 2=0. By taking 
account of the systematic interactions, Fuji- 
moto has given power series expressions for 
the intensity in terms of (4-D).’» But their 
convergence does not seem to be sufficiently 
good to give a certain prospect of 2-dendence 
of intensity for practical cases. 

According to the relativistic theory of elec- 
tron diffraction due to Fujiwara’®, the Fourier 
potential v, should be replaced by an effec- 
tive Fourier potential!® 


Va (Lt+h?/mo2c?)!/? , 
When the correction is introduced in eq. (6), 
A=2+(1+h?/mo2c?)*/? G7) 
takes the place of 2 in the non-relativistic 
form. This implies that the kinematical 


value of intensity is reached at 4=0 instead 
Gifs), 


§ 3. 

The intensity of transmission electron dif- 
fraction patterns from polycrystalline films of 
aluminium, nickel, gold and sodium fluoride 
was measured by a photographic method for 
electrons of accelerating voltage ranging from 
15 to 200kV, 


Experiment 
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(1) Apparatus 

A new high tension electron diffraction 
camera was constructed for this experiment, 
in which electrons are accelerated in two 
stages by potential in a 2:1 ratio fed from a 
Shimadzu cascade-type generator composed 
of two 100kV transformers. The higher 
potential to the gun is led through a shock- 
proof cable and only the lower potential to 
the first anode is exposed to the atmosphere. 
In this way, accelerating voltage for elec- 
trons can be applied up to 200 kV without any 
trouble even in very humid atmosphere. The 
camera can be operated as routine as con- 
ventional ones of lower accelerating voltage. 

Hillier type high resolution optical system”” 
produces small primary spots of diameter about 
15 and 30 uw for specimen-plate distances 50 
and 100cm, respectively. A s!-sector con- 
sisting of two circular disk?” can be placed 
in front of the photographic plate. One dozen 
of 8cmx10.5cm plates can be loaded at one 
time. 

The movable specimen chamber provides 
the specimen with the translational motions 
in a plane perpendicular to the electron beam. 
The specimen holder, attached to a wall of 
the chamber, provides the specimen with 
rotational motions. A specimen grid is put 
on a circular disk, which can be rotated 
around the axis perpendicular to the disk. 
This disk can be tilted, around the axis of 
the ho!der perpendicular to the electron beam, 
in a range +70° without masking the trans- 
mission pattern of specimen film. 


(2) Specimen 

Specifications of specimens are listed in 
Table I. They were prepared by vacuum 
evaporation. Metallic specimens were self- 
supporting, deposited on glass plates coated 
with collodion and detached from the sub- 
strates by solving away collodion in acetone. 
Sodium fluoride specimens were supported on 
collodion films of thickness about 100A on 
which they were directly deposited. The 
thickness T of specimen film was estimated 
from the quantity evaporated. The mean 
crystal size H of specimen was determined 
from the observed line breadth B using an 
approximate Scherrer type formula 


(ESIC Py (8) 
where By is the instrumental breadth and 
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was estimated from the line breadth of De- | 
bye-Scherrer rings from highly crystallized 
thallium chloride films. 


(3) Intensity measurement 

a) Photographic plates and processing. 

Fuji process hard photographic plates were 
used and developed by dilute solution 1:1 of 
D-72 developer at 20°+1°C for 3 minutes. 
The plates developed under these conditions 
have been proved to have an exellent charac- 
ter.22, A Nalumi optically balanced type mi- 
crophotometer was used. 

The same diffraction pattern from a speci- 
men for an accelerating voltage was recorded 
five times on one plate with different ex- 
posures. Photometer traces of optical density 
were transformed to intensity curves by Karle 
and Karle’s method.?® 


b) Examination of the Schwarzschild- 
Villiger (S. V.) effect.” 

Karle and Karle’s method has been estab- 
lished in the field of gas diffraction and ap- 
plied also to the case of crystalline diffraction 
patterns. Intensity distribution in crystalline 
patterns, however, changes much more steep- 
ly than in patterns from gas. It should be 
noticed that the S. V. effect might be serious 
in such a case. Readings of optical density 


Loz |.6 x10 mm 
£o=24x10'mm 
9) £ =3.0x!O'mm 


1.80 1. a 
0,05 Beto O.! mm 
Oe 0,05 Ohmm 


‘b-bo 


Fig. 1. a) Variation of optical density readings 
for two Debye-Scherrer rings of a_ half-width 
0.18 mm, when the slit width is changed. Slits 
So and S, which limit the light flux before and 
behind the plate examined, were focused on the 
testing plate. 6, b and Ip, 1 represent the width 
and length of the images of the slits. b , Ip and | 
were kept constant at values in the figure and 
b was varied, 
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Fig. 1. b) D.1I. curves for various slit width }. 
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Fig. 1. c) Relative intensity data determined by 
various slit width 6 for Debye-Scherrer rings 
of aluminium film with a half-width 0.18 mm. 


of peak of Debye-Scherrer rings were found 
to vary when the relative width of two slits 
before and after the plate in the optical path 
of microphotometer was changed (Fig. 1. a). 
Mehus. the S. V2 effect did occur. For our 
purpose, however, it is not the absolute optical 
density but the relative intensity which is 
required. The relative intensity of Debye- 
Scherrer rings determined using the appro- 
priate density-intensity (D.I) curves, which 
vary with the width of slits (Fig. 1. b), gives 
a definite value within a certain range of the 
slit width (Fig. 1. c). In effect, although the 
S. V. effect does occur in photometry of crys- 
talline diffraction patterns, it can be elimi- 
nated through Karle and Karle’s method. 

c) Effect of preferred orientation 

Preferred orientation in specimen films was 
examined by observing intensity variation 
along Debye-Scherrer rings produced from the 
films tilted up to +70°. For sodium fluoride, 
some films of almost perfectly random orien- 
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tation could be prepared (Fig. 2. a). The in- 
tensity for all Debye-Scherrer rings of this 
substance was measured relatively to that for 
the (422) rings. The Fourier potential of this 
reflection is small, but it gives comparatively 
high peak on account of a large multiplicity. 
This is a favourable condition for the refer- 
ence peak in the present study. 


to 


(111) 


i) 
e) 
S 


sf (arbitrary scale) 


180 270° 
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Fig. 2. Intensity variation along Debye-Scherrer 
rings due to (a) sodium fiuoride and (b) alumi- 
nium films, both tilted 70° to incident electrons 
of 100 kV. 


Fig. 3: which the 


Debye-Scherrer pattern from 
intensity variation of Fig. 2. b) was obtained. 


All metallic films prepared had more or less 
preferred orientation. Some times this was 
revealed by photometry of patterns taken 
with large tilting angle, even when no arcing 
was recognized by visual examination on the 
fluorescent screen (Fig. 2. and Fig. 3). There- 
fore, for metallic specimens, the relative in- 
tensity was concerned only with (111) and (222) 
reflections. For the relative intensities of 
reflections from different lattice planes, the 
data fluctuated more than 20% with a slight 
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change of specimen setting.* 

d) Accuracy 

Some examples of photometer traces are 
reproduced in Fig. 4. and Fig. 5. Noise ripples 
have been smoothed out for the traces other 
than Fig. 5. a). Since all these traces were 
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taken in almost linear ranges of D.I. curves, 
they approximate to intensity curves. 

The intensity data were obtained from the 
peak heights of Debye-Scherrer rings. The 
peak shape was determined of reflections well 
separated from the other peaks at least on 
one side. Peaks of (220) and (422) 
reflections were used for the de- 
termination. Assuming a_ similar 
shape for the other reflections, a 
smooth background was drawn and 
peak height above it was measured. 
The first peak due to collodion sub- 
strate for sodium fluoride can be 
found in Fig. 4. The height of the 
other peaks due to collodion should 
be less than one fifth of that of the 
first peak. Therefore, the collodion 
substrates have no effect for in- 
tensity measurement of Debye- 
Scherrer rings from sodium fluoride. 


02 04 06 
sin @/x (A) 


Fig. 4. Microphotometer traces of Debye-Scherrer patterns 
from the specimen NaF-2 (Table I) for accelerating voltages 
a) 200 kV, b) 100 kV and c) 50 kV. s!-sector was used. 
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Fig. 5. Microphotometer traces of Debye-Scherrer patterns 
from the specimen Ni-2 (Table 1) for accelerating voltage Onlt . fr a : e 
a) 200 kV, b) 100 kV and c) 50 kV and d) 30 kV. s!-sector eaten ese © 


was used. 


* From peak values of arc patterns due to obli- 
que textures, relative intensity free from geome- 
trical factors may be known.2) But an accurate 
measurement of the values should take into account 
the shifts of peaks due to the slight but not negli- 
gible curvature of Ewald sphere. It was not under- 
taken in the present work. 


08 Generally one of the most im- 
portant sources of errors in intensity 
measurement is the ambiguity in 
subtraction of background from 
intensity curve. To minimize the 
ambiguity, the background were 
flatted by making use of the s'!- 
sector and specimens of compara- 
tively large crystal size were used 
in the present experiment. 

Sodium fluoride gives rise to well 
separated Debye-Scherrer rings, all 
higher odd order reflections being 
vanishingly weak. For the sub- 
stance, the error of intensity 
measurement due to the ambiguity 
mentioned above was less than 5% 
for strong reflections and not more 
than 15% for most of the observed 
reflections. In the measurement of 
the relative intensity Ji1:/Jz22 for 
metallic substances, a serious diffi- 


overlapping (311) peak from (222) 
peak. Error due to the separation 
may be in the neighbourhood of 10%. 

The standard deviations of experimental 
values were determined from the measure- 
ments on the series of photographs taken with 
different exposures. They are shown in Table 
I and II and represented by vertical lines in 
Figs. 7, 8, 9 and 10. 
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Table I. 

Specification In ea Gradient of em 
Ralissnlt linear part. crystal 

J 7% A er __|_ size 

Substance Thick- | Mean crys- : extrapolated to | = 

and ness tal size SS ae ; cal exp. .| cal. | D 

No. | A | g(a) [2 4=o) te ate ety | Cs) | (Ah 
Al-1 200 100420 | (111) /(222) | 2.1940.04| 2.16+0.04 2.14| 5945 51 | 12045 
Al-2 | 200 120+30 | (111) / (222) 2.24+0.07 2.20+0.06) 120+10 74 133 +5 
Al-3 200 200+50 | (111) / (222) 2.22+0.07) 2.15+0.06 160 +20 | 206 | 17845 
Al-4 200 120+30 | (111) / (222) 2.11+0.04| 2.08+0.04 HOSE 74 121+5 
Al-5 400 120+30 | (111) / (222) | 2,090.09) 2.05+0.08 83410 TA | 1274-5 
Ni-1 200 70+15 | (111)/ (222) 1.80+0.04) 1.75+0.04 1.73 | 120410] 127 684.5 
Ni-2 200 90-220 | Gi1)/'@22) 1.87+0.10| 1.77+0.08 [| 190420} 211 90+5 
Ni-3 200 1202-30 4) (222) 87-0. 15 173320. 12) | 320+50 | 375 119+8 
Au-l 200 100+20 | (111)/ (222) = — 1.47 | 4804100) 457 | 105415 

Au-2 200 120+30 | (111)/ (222) = — = 540 ee 

NaF-1 200 120+30 | (111) / (422) |+0.37+0.02)+0.37+0.02, —0.35 | O23 io —- 
| (200) / (422 2.58+0.03} 2.4640.03) 2.45| 7545 62 13143 

(220) / (422) | 1.88+0.02 1.86+0.02 1.91 | 4143 32 = 

(222) | (422 0.62+0.02) 0.62+0.02) 0.63 | 1543 20 = 

| | 

NaF-2 200 200+50 | (111) / (422 /+0.3240.02 +0.32+0.02 —0.35 | 0+3 |-—5 — 
(200) / (422) | 2.64+0.03, 2.5240.03 2.45 | 240410] 174 2355 

(220) / (422 1.97+0.02) 1.90+0.02) 1.91 | 124+6 89 — 

| (222) | (422) | 0.66+0.02 0.64-40.02 0.63 | 40+3 | 56 — 


§4. Results and Discussions 


Weak reflections of sodium fluoride showed 
no appreciable change of intensity with wave- 
length change. This suggests that there occur- 
ed no appreciable dynamical effect in these 
reflections. The average observed values 
(In/Ts22)ovs. for these reflections are listed with- 
out bracket in the third column of Table II. 
To examine the reliability of present experi- 
ment, these intensity data were compared with 
the kinematical values calculated theoretically. 
In] Ts22)ovs. Were corrected to (In/Js22)°ors. by a 
temperature factor exp(—1.15 sin? 0/2?) deter- 
mined by Bradley and Lu’s method’. 
The Fourier potentials vors., obtained from 
(In/Is22)°ors. , are put on the absolute scale by 
the statistical method”®) and are listed in the 
fourth column of Table II and plotted in Fig. 
6 by open circles. They show a good agree- 
ment with the calculated values. 

The logarithms of observed intensities for 
strong reflections of sodium fluoride and (111) 
reflections of metallic specimens are plotted 
against 2 in Figs. 7, 8, 9 and 10. It can be 
seen that almost all of the plots, except those 


for large 4, fall on straight lines drawn in each 
figures within experimental errors. When 
these straight lines are extrapolated to A?=0 
and 42=0 according to eqs. (6) and (7), they 
give the experimental values of In (|v»|?/|v,-|*) 
listed in Table I. 

The differences between the extrapolated 
values at 42=0 and at 2=0 for metallic speci- 
mens were within experimental errors. The 
values (h/Is22)ovs. in Table II for strong re- 
flections of sodium fluoride were obtained 
from the extrapolated values in Table I and 
are shown with brackets. For the (200) reflec- 
tion, the relativistic effect seems to be beyond 
the experimental errors. vovs. from the ex- 
trapolated values are shown in Fig. 6 by black 
circles and crosses for relativistic and non- 
relativistic values, respectively. The differ- 
ence between them is of the order of that of 
Vneut. and Vion, Within the accuracy of the 
experiment and calculation of Fourier poten- 
tials, the extrapolated values can be said to 
be in agreement with the kinematical values. 

Incidentally, vos. for (111) and (400) reflec- 
tions deviate considerably, and those for (200) 
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Table II. Intensity data for sodium fluoride 
ole” “tales : Yo a Vobs. Vneut. Vion. 
hkl sin@/% = Tnxs/Taz2)ovs. (volts) (volts) (volts) 
iff 0.187 [1.36+0.08] 4=0 1.2;+0.1 0.28 0.92 
{1.36+0.08],=o acs | 
36 
200 0.217 _ [13.640.5] 4=0 6.0g,+0.2 5.66 ye 
[12.0+-0.5],=0 5.69+0.2 
: 16 
220 0.306 [6.88+0.25] ,=0 4.4,4+0.2 4.18 | 4, 
[6.55+0.25], = 4,.2,+0.2 
311 0.375 — — 0.00 0.16 
222 0.395 [1.93+0.15] 4-0 334,401 SAA! AAD 3.41 
[1.89+0.15], =o 3.4g3+0.1 
400 | 0.433 0.27+0.03 2.27+0.15 2.88 2.93 
331 0.472 — — 0.05 O.AZ 
420 0.484 1.48+0.10 2,55 +-0.15 Dili 2.58 
422 0.530 1.00+0.10 2.34+0.15 eee PAY 
bill 333 0.562 a _ | 0.10 0.12 
440 0.612 0.13+0.03 1.9+0.3 1.84 1.86 
531 0.640 = 1s 0.1440 9) 0.12 
600, 442 0.649 0.32+0.04 1.69+0.2 1.70 1.64 
620 | 0.685 0.21+0.04 1.55+0.2 BY 1.54 
533 | 0.710 — = 0.12 0.12 
622 | 0.718 | 0.13+0.01 1.5)+0.15 iLeye 1.40 
444 0.750 | 0.039+0.01 1.39+0.3 i ee 1.29 
Hiliks <oyayl | ONT — == 0.10 OntZ 
640 0.790 0.08) +0.01 1.29+0.15 1.19 1.20 
642 0.810 0.13,;+0.01 1.0;+0.1 | 1 15 1213 
fal 585 0.831 — — | 0.10 0.11 
800 0.866 0.007 +0.01 0.87+0.4 1.02 On 
733 0.886 | — _- 0.10 0.10 
820, 644 | 0.892 0.05 9+0.01 0.92+0.1 0.98 0.96 
822, 660 | 0.918 | 0.034+0.005 0.8,+0.1 0.92 0.91 
751, 555 0.937 = | = 0.09 0.09 
662 0.944 | 0.024+0.005 | 0.87;+0.1 0.87 0.89 
840 0.968 0.018+0.005 0.7g+0.1 0.93 0.83 
OU (53 | 0.986 _ | — 0.08 0.08 
842 0.992 0.024+0.005 0.7s40.1 0.79 0.79 
Vnout Fourier potential calculated by atomic scattering factors2”) for neutral 
atoms based on Hartree-Fock’s atomic wave functions. 
Vion. Fourier potential calculated by atomic scattering factors for ions.2) 


and (220) reflections slightly from Uneut.. Such 
deviations may arise from ionization and 
distortion of electron cloud in crystal, but 
seem to require further detaited study. 

According to eq. (6), the gradient of 
linear part of In(,/J-)~22 plot is given by 
—4(2nmve/h?)? (\vn|2—|vr|2) D?/Vo2. The values 
of D, which were determined from the ob- 
served values of gradient using calculated 
values for vz, are listed in the last column 
of Table I. The observed values D showed 
a good agreement with H obtained from eq. 
(8). 

The logarithms of observed values (In/I+)ons. 
divided by the kinematical values (h/J;)xin. 
are plotted in Fig. 11. a) and b) against 
An? =(2nmve/h?)?-22D*|vn|?/Vo2 , using the theo- 
retical values for |val. Since |v] is small for 


the standard reflections, (422) for sodium 
fluoride and (222) for metallic substances, the 


variation of J; with 2 is expected to be small. | 


Thus, 
In [Lh/Ir)ovs./Ln/Tr)xin.] =In [Ln)ovs./(Ze)kin.] 


and this should coincide with In f(A), if eq. |} 
It may be seen in Fig. 11 that | 


(2) holds. 
most observed values coincide with the chain 
line for In f(A). 

It is noticed that the observed relation 
between In/J and A? deviates from the 
straight line at values of A smaller than those 
expected from the limit of the approximation 


of eq. (4). This can be explained by taking | 


account of absorption. Let a specimen be 
composed of crystallites of various thickness 
given by a Gaussian distribution 


v (volts) 


In (Jin /fe22) 


Fig. 8. Variation of relative 


Variation of Electron Diffraction 


sin@/d (A") 
Fourier potentials of sodium fluoride 
©: The observed value for weak reflection ob- 
tained without extrapolation. 
@: The observed value determined through extra- 
polation to 4=0. 
x: The same value to 2=0. 
Full and brocken lines represent UVneut. 
respectively. 


and Vion. 
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Fig. 7. Variation of relative intensities (Ip/Is2) of the 


specimen NaF-2 with wavelength. 


intensity ([iti/Ioo2) of 
-aluminium films with wavelength. 
@: for the specimen Al-l, H=100 A. 


©: for the specimen Al-2, H=200 A. 
x: for the specimen Al-3, H=200 A. 
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Fig. 9. Variation of relative intensity 
(T111/Io22) of nickel films with wavelength. 
@: for the specimen Ni-1, H=70 A. 

©: for the specimen Ni-2, H=90 A. 
x: for the specimen Ni-3, H=120 A. 


Au 
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Tee 
Fig. 10. Variation of relative intensity 


(T111/Io22) of gold films with wavelength. 
©: for the specimen Au-1, H=100 A. 
@: for the specimen Au-2, H=120 ke 


W(H)=Cexp[—(A—AD)*/a!. (9) 


Then, the mean crystal size H of the 
specimen as determined by eq. (8) is 
given by 


| Hwunan i 
(pa 5 Ro a (10) 
6 Jn? 
| W (H) dH 
0 


if the specimen is not absorptive. In 
fact, real specimens are more or less 
absorptive and the absorption coefficient 
w increases with increasing 2. Then, 
the mean crystal size Horr, effective 


for line broadening should be 
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["HWuDexp(—uEdH gry 
dee =H — 


Here. = = : 
|wan exp(—#H) dH 
(11) 
and must decrease with increasing 4. | 
Similarly, the mean crystal thickness Derr. 
effective for the dynamical diffraction effect 
must decrease with increasing 4. Strictly 
speaking, the dependence of Derr. on 4 must 
be different from that of Herr. But here it 
may be roughly assumed that they are iden- 
tical. For aluminium, Terrill’ has given 
an experimental formula for change of » with 
accelerating potential ® (in volts) of electrons, 


% =axe (m=!) =144 24 (A) , 


° (200) 
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Ae 
‘e 
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a (222) 
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° 
a 
Se 


z Al A=100A 
a 
‘x 
s . Ni A=90A 
4 Al A=2008 
=i : Au A=100K 
Ny 
NS f(A) 
SALT 
-2b N its 
(b) 
Fig. 11. In [(n)ovs./(Th)xin ] against An2. 
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where p is the density. Then, from eqs. (10) 
and (11), 


AD=D—Daexs, =f =72ai, 


where a and 2 in A. JD are plotted in Fig. 
12. 
Using this relation, In /~/? relations were 


calculated for H=D=120A and 178A with 


A 
150 o=|40A 
Al 
N 
we x 
2100 
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Q a=100A 
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a=85A 
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Fig. 12. Change of effective mean crystal size of 
aluminium with wavelength. 


reasonable values of a= D/2, corresponding to 
the specimens Al-1 and AlI-3, respectively, 
and they are shown by chain lines in Fig. 8. 
Thus the observation can be explained rea- 
sonably by taking account of absorption. 


§5. Conclusion 


Summarising the above results, it can be 
said that the dynamical theory of two-wave 
approximation holds in a wide range of wave- 
length and for the various substances studied 
in the present experiment. It gives not only 
the right kinematical values of intensity at 
the limit of wavelength zero, but also it ex- 
plains closely the trend of the intensity varia- 
tion with 2. In a range of large wavelength, 
a deviation from the two-wave theory was 
found. There, very complicated interaction 
must be taking place. But they could be taken 
adequately into account by an experimental 
absorption coefficient. Thus, within the reach 
of present experiment, no complication was 
found which requires explicitly the many-wave 
theory. 

The conclusion does not imply that many- 
wave interaction is not important. The many- 
wave interaction does occur in electron dif- 
fraction as proved by the appearence of for- 
bidden reflection (222) from germanium.» 
and the anomalously strong intensity of the 
reflection (222) from cuprous chloride2®.3", 
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The intensities of these reflections have been 
found to decrease with 2-D®).8), This effect 
may give rise to a diviation of the gradient of 
In J~2? plot from that expected by two-wave 
approximation. But, in the strong reflections 
as observed in the present experiment, the 
deviation may not be so serious and can 
hardly be detected on account of insufficient 
accuracy in determing crystal thickness. 

The method of eliminating primary extinc- 
tion by wavelength variation gives the Fourier 
potentials as the limiting values with experi- 
mental accuracies of the order 5~10%, pro- 
vided specimens are favourable. 

The extrapolated values of low order reflec- 
tions show sometimes discrepancies with 
calculated values beyond the experimental 
accuracy. The Fourier potentials of low order 
reflections are very sensitive to the actual 
state of atoms in crystal. Therefore, the final 
validity of the experimental values obtained 
by the extrapolation can not be established 
unless the actual state of atoms is known. 
The most reliable reference for such com- 
parison may be accurate experimental values 
of the structure factors for X-rays. Unfor- 
tunately, for sodium fluoride, for which our 
experimental results are most reliable, such 
X-ray data have not been given yet. While, 
for sodium chloride, calcium fluoride and 
lithium fluoride, accurate X-ray data have 
been given,*?) but preparation of specimen 
without preferred orientation was found to 
be difficult for these substances. It is desira- 
ble to develop a technique of accurate inten- 
sity measurement of fibrous or single oriented 
patterns for study of these substances. 

The author wishes to thank Prof. Goro 
Honjo for his guidance and helpful discussions 
throughout this work. He also wishes to 
thank Prof. Shizuo Miyake for his guidance 
and advices. This work was supported by a 
research grant of the Ministry of Education. 
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Fluctuations in a Plasma I: Ion-Electron 


Temperature Relaxation 
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Fluctuations of the electric field in a plasma are treated on the basis 
of the fluctuation-dissipation theorem. The treatment is applied to the 


relaxation between 


ion and electron temperatures. 


The interaction 


between ion and electron which causes the relaxation is reduced to the 
interaction between the ion and the fluctuating electric field caused by 
the surrounding electrons. The short range encounters between electrons 
are neglected but the long range encounters are included through the di- 
electric permeability which is obtained by use of the fluctuation-dissipa- 
tion theorem. The rate of relaxation agrees with the result obtained 
by Kihara et al. who considered that the ion interacts with the individual 


electrons. 


° 
§1. Introduction 


In a plasma there exist various fluctuations, 
e.g. density and electric field fluctuations. 
A fluctuation is related to a transport phenom- 
enon by the fluctuation-dissipation theorem"). 
Our purpose is to calculate the transport coef- 
ficients on the basis of the fluctuation theory. 
We first investigate the ion-electron tempera- 
ture relaxation ina magnetic field which has 
been treated by Kihara et al.?).®) in the par- 
ticle aspect. 

We consider a plasma which is composed 
of one type of ion and electrons. The plasma 
is regarded as a continuous dielectric medium, 
that has been suggested by Kihara. Both 
the plasma and the applied static magnetic 
field are assumed to be uniform in space. 
The mass, charge and number density of the 
ion are denoted by m1, Ze and m, respective- 
ly; those of the electron are expressed by mo, 
—e and m. Charge neutrality, Zai=m, is 
assumed. 

Since the mass ratio of an ion and an 
electron is far from unity, the energy trans- 
fer between ion and electron is much smaller 
than that between ions or electrons. Hence 
the ion temperature 7; and the electron tem- 
perature 7» can often be different even when 
the velocity distributions are both Maxwellian. 
Here we consider the case where Z?<m1/m2 
and the mean ion velocity is much smaller 
than the mean electron velocity: 


(Ti /m1)!?-<(T2/mz)1/2 (ei) 


The rate R of the temperature relaxation is 
defined by 


ida HB 1h Saree . (1.2) 
dt 
where ¢ denotes the time. 

The short-range interaction between elec- 
trons is neglected but the long-range interac- 
tion is included through the dielectric 
permeability. 


§ 2. Formulation in Terms of the Force Cor- 
relation 


We follow Kihara et al.®.® in this section. 

The particle velocities of the ion and the 
electron are denoted by vi and Uz, respec- 
tively, with |u:|=v1 and |v2|=v2. The average 
value of mw:2/3 is T: which is the tempera- 
ture in energy unit; the time rate of change 
of JT: is given by the average value of the 
time rate of change of m1w.2/3: 


. =F lv 01]? 0170 
y (2st) 
= 43 <n ‘Mdui+ |4v1|> aw . 


Here 4uv; indicates the increment in the ion 
velocity due to interaction with the surround- 
ing electrons in a time interval 4t; dt is taken 
to be much larger than the time characteristic 
of the fluctuation of the interaction, yet it 
must be much smaller than both the relaxa- 
tion time R- and the ion gyration period; 
and < >a denotes the average with respect 
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to the ion velocity and the interaction with 
surronding electrons. 

When the ion temperature 7; is much 
smaller than the electron temperature 72, the 
average value of v1:4vi1 can be neglected in 
comparison with the average value of |4u,|?; 
hence 


d 1m 
— 11=—— | 4; |? av , : 
i Ika Ge {40a for TW1<T: (2.2) 
This relation can be generalized into the form 
d 1m T2-Ti 
Sy iar eS 4 : oa =: ae 
dt me Aye F ey se? eo) 
which holds for 7: satisfying (1.1). The 


proof given by Kihara” is the following. We 
are considering the case where (1.1) is satis- 
fied; the quantity |4u.|? averaged with respect 
to the interaction with surrounding electrons 
is independent of u:1; but the average value 
of 4v: depends linearly upon u:. For fixed 
T2, therefore, <|4v:|?>av is independent of 71, 
and <v:-4v1>a» is proportional to 7:. On tak- 
ing account of the fact that <2u:-4vi+|4u:|?>a» 
vanishes for 7:=7:2, we obtain 


2601 Avvaw= = LY An A 
T2 


Then (2.3) follows from (2.1). 
By use of the relationship 


fnTs +n2T2)=0 , 


the rate of relaxation FR defined by (1.2) is 


\" E(0)- E(t) dt=(2n)-* \\\ CE, t)-Elr-+s, c-+t))e-***dsdtdk 


lon-Electron Temperature Relaxation 


2265 


calculated to 


R=Zn+n9 a8 5-<|401I*>o. (2.4) 


T2n2 At 
The increment in the ion velocity during 
At is given by 
At 
Ji 7 | E(a)dc , 
m 0 


1 

where K(c) is the fluctuating electric field 
caused by surrounding electrons and ZeK(c) 
is the force acting on the ion at a time tc. 
Hence 
(Ze)? 
my? 
Ze 

mi? 


|dui|?= 


At At 
| | E\c)-E(c’)dtdt’ 
0 0 


4t At—T 
| | E(c)-E(c+t)dtdt. 


) 


Since 4t is much larger than the continuance 
of the force correlation, we have 


aii: 2 eas Me (EO): E@)>ardt . (2.5) 
At Te” Mes 


As we need only to consider the case 7: 
<T>, ions can be regarded to be at rest, and 
the average with respect to the ion veloci 
ty is not necessary. Hereafter we omit the 
suffix “av” which means average. 


§3. The Fluctuation of the Electric Field 


By use of the formula 


Gere Jertedk a's) : 


we have 


(3.1) 


The right side is the force correlation expanded in the wave vector Ie: it will be used later. 
We cons‘der the Fourier expansion for the electric field H at a position r and a time 7, 


or inversel: 


Eieay=00) \\ Er, ce-ter\!-1drde « 


Taking account of the fact that <H(r, c)-E(r+s,7+1)> depends neither on r nor on 7t, we 


obtain 
(E(k, w)- E(k’ 0!) =(E* nod K+ Kk )0(o+o") , (3.2) 
where 
(E? iw = (2m)~* |\<zo, ct): E(r+ s, c+t)e7* st'dsdt . (3.3) 
In particular 
(3.4) 


(Eno (2ny* | (Er, t)-Elr-+8, c-+t)e-*""dsdt . 
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The relation (3.1) can be expressed in terms of (E*)xo by 
iL (Ble) Ble+t))dt=2n | (EP aad (3.5). 


The Eq. (3.5) shows that we need only to know the fluctuation of electric fields for o=0. 
Then, rot E=0 or kx E(k, 0)=0; from dive-H=4zp follows 


. Aro(k, 0) ig 
0)=—i-—— Ok , 3.6 
sical AOE se 
where p is the charge density, e is the dielectric permeability tensor of the plasma. Further- 
more we have the relation 
2 
k-e(k, 0)-k=h? + he? , ee (3.7) 


2 


a proof being given in the next section. | 
By use of (3.2), (3.6) and (3.7), the electric field fluctuation is related to the density fluc- 


tuation: 


(4k)? 


(et hae OP (3.8) If 


(E*)o= 


where (0)xo is defined similarly to (3.2). 
The charge density of electrons is given by 


N 
ar, 7)=— >) ed(r—ri(t)) , 
4=1 
where ri(ct) is the position of 7’th electron at a time t, and N denotes the number of the 
electrons which gives the number density, m2, when divided by the plasma volume. The 
Fourier components are 


ok, «) = | S exp {—k-1i(2)-+ior}de - 


The correlation is 


<A, a) A(R > =H & || dee! Coxp {ik-rle!) ik! fo) foe!--iale}> 
Be a > \\ dcdt <exp {—1(k+k’)-ri(c)+i(o+o')c—ik- silt) +iat} , 


where ¢=c’—z, si(t)=ri(c’)—ri(z); the terms including two different electrons vanish unless | 
k=k’=0, w=o/=0, but in this case the electron density is canceled by the charge neutrality. 
As all electrons are equivalent, we can omit the suffix “i ”, and multiply N in place of the | 
summation. Considering the fact that r(r) is arbitrally and that <exp {—ik-s(t)}> is independ- || 
ent of ct, we obtain 


(olk, 0) p(k’, o> = oe d(k-+ kaw 0 | (eiothesioy dt (3.9) |) 

Therefore | | 
(0%) oe | <e-tny de (3.10) | 

(27) ae | 


Finally we obtain from (2.4), (2.5), (3.5), (3.8) and (3.10) 
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2Ze! ke 
R=(m+ theate) 
(r+) al Garin Or ae. (3.11) 


§4. The Dielectric Permeability 


In a number of cases it proves possible to connect the fluctuations with effects on the 
system of certain external influences. For a physical quantity in this category there exists 
an external influence which is described by the perturbation, 


Kuta (4.1) 


in the Hamiltonian, (a summation is implied over repeated suffixes), and for which the time 
rate of change in energy is expressed by 


tate . (4.2) 


Here f, are the perturbing forces, which are given functions of the time; x, are the cor- 


responding physical quantities; and fa=df./dt. If all quantities are expressed in complex 
forms by means of a Fourier transformation, whose time dependence is given by the factor 
et, the relation between f. and x. takes the form 


Sa(@)=Gav(o)xo(@) . (4.3) 


The connection between fz and aq, is expressed") as 
ih i ho ; 
<falo)fo(o’)> =— (Aon —Qn0*) coth —d(o+0’) , (4.4) 
Ar Zale 


where 2zh is Planck’s constant, T is the temperature of the system. In the classical limit 
(ho<T), (4.4) takes the form 


fol \file!)) =5 ilar —aoa*)0(0-+0) (4.5) 


In order to use the general formula (4.5) we must establish the relations between the 
electromagnetic quantities and the quantities f, and x,. This is done as follows. 

As a result of fluctuations in the position and motions of the electrons in a plasma, 
a spontaneous local current occurs; let the value of this current per unit area be j(r,t). We 
suppose that j(r,z) is not a spontaneously arising quantity but a result of external action, 
and calculate the consequent change in energy in the plasma. The time rate of this change 


is given by 


-| E(r, t)-j(r, t)dr=—(2z)* E(—k, t)-j(k, dk , (4.6) 


where 


4 1 ‘ ee 
Jk, = One | ac, hex” dr; etc. 


Comparing (4.6) with (4.2) we see that, if xa are taken to be (2z)’Ka(—k, t)dk, then the cor- 
responding fa will be ja(k,t). In (4.2) the suffix “a” numerates both the space component 
“q@” and the Fourier component “k”: 


Xa—>(2n)?Ea(—k, thdk 
| fa>jalk, t) . 


The Maxwell equations for Fourier components are given by 


(4.7) 
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TAU eR 
i (4.8) 


kx Hk, 0)=— #2 ek, 0) Ek, 0) +2i(k, 0), 
where e(k, w) is the dielectric permeability tensor, and 
Etk, w)=(2zn)-* \\ Er, jet dr , étc. 
On eliminating H(k,w), we have 


Ee lew, wo) += (kk re) | ak, oe (4.9) 


‘ 


This expression corresponds to (4.3), if we rewrite (4.9) as 


Balke) ssl shore Aaya Heke) veats Neier | 
ai =-;,| EG ) r- a fake k eo (2n)* (27)8Ee(—k’, w)dk’ , (4.10) 


and take aa(w) and fa(w) to be 


an >| cap (k, 0) C2 (hake Re) | O(k+k’) 
nr wo (27x)? 
a (4.11) 
PEs @) d 
@ 

Finally we obtain from (4.5) 

(jak, w)jp(k’, wo’) >= oe > [eeu*(—k, o)—eaglk, o)O(k+k’)d(o+o’) , (4.12) 
where the temperature must be the electron temperature. 

From the charge conservation law, we have 
k-j(k, w)=ap(k, @) . 

Then (4.12) is reduced to 

<p, 0) 0(K", 0!) =k [e*(—k, ) elk, )] en ORR) o+0!) (4.13) 


Using (3.9), (4.11), (4.13) and Kramers-Kronig’s relation for a@ao, 


Qya*(w) + Oar(w)= z | Qya*(w’) —Aar(o’) do! ; 
T (w’ —o) 


where the integral takes the principal value, we have 
k-[e*(—k, 0)-+e(k, 0)] k= 24¢ =O as | (0)eurdeo! 
2 Tv 


_Arnze? ag 
WG 
=8rme"/T>2 


= 2h , (4.14) | 


i erertee tk #O dda! 


where ka is the Debye shielding constant, and on the left side the value of e for w—>0co iS | 
subtracted. From (4.13) and (4.14) we have c 
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k-e(k, 0)-k=k? +h? . (3.7) 


The relation (3.7) has thus been proved. 

The relation (3.7) is apparent from the fact that the static electric potential arround 
a charge is of the Debye type with the Debye shielding constant, ka, whether the plasma is 
in a magnetic field or not. 

- Effects of ions on the Debye shielding constant can be excluded because we are consider- 
_ ing the interaction between one ion and its surrounding electrons. 


§5. The Rate of Relaxation 
In (3.11), s(¢) corresponds to the spiral orbit of the electron along the magnetic field, 


|s(¢)|=vel¢|[1— Y? sin? 6]!/2 , 
where @ denotes the angle between the magnetic field and the velocity of the electron, and 


2(1—cos y) 
A a 


Yori A V=art 5 


with the gyration frequency of the electron, w:. The integral in (3.11) is expressed as 


Me 


Ask —tk+s(t) =\\\ Re ( ie {-i : oe 
\\ are od a \\\ areas nT.) ace emo fee 


is ke! oe een hee 
=| a\| Tang Nor al}nsinddadk, (6.1) 


2 


where use has been made of the formula 


sin (ax) exp (w2whidets 4 exp (—a@?/4) . 

0 

(I) The case of no magnetic fields 

Integrating (5.1) with respect to the angle and the time, we 


s(t" ie Bdk 
T» 0 (k?+ka?)?’ 


the range of large wave numbers must be cut off at the ku, which correspond to the impact 

parameter smaller than the radius of the sphere of strong interaction, Ze?/T>, i.e., ku=T2/Ze?. 

In the range of small wave numbers the integral converges, because we have considered the 

long-range many-body interaction between electrons through the dielectric permeability. 
The rate of relaxation defined by (1.2) is given by 


In this case, w2=0, Y?=0. 
obtain 


T2 8 a ae e 
= Ro=— (m-+n2)—( — . (5.2) 
Bate Zehae ; 3 | a mi T2 Me 
; (Il) The case in which a magnetic field is of small cos@ must be cut off, because real 
present interaction between the ion and the electron 
In this case, it is sufficient to consider the is much smaller than the interaction between 
range the ion and the electron moving spirally. 


ky ?<P= se {1 Y? sin? 0]<ke?, (5.3) 
Me 


because the contribution of the part with 
large values of / to the integral (5.1) is small. 
The range of small /, 7<ku—), and the range 


The range (5.3) is expressed as 

ts<|t|<to , 
where tp=(m2/T>2)/*ka-!, the period of plasma 
oscillation, and ts=(2/T2)'/ku-!, the mean 
time of passage through a sphere of strong 
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interaction. 
Hence (5.1) becomes 


oa ENE ie dt = Lae Jae 


2 iy oY Inaba j 
The rate of relaxation is given by 
ty» dt 14+Y 
= —— In ——— 5.4) 
= Rl ny Sapeae yalbte 


which agrees with the result of Kihara et al.® 
The expression (5.4) is essentially equivalent 
to 
for we<tp! 
R/Ro=| fOLNOo => tame 


(5.9) 
The form for weak magnetic fields and the 


In tp/ts 
In tp/ts+2(In wet p)? 


Osamu AONO 
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(5.2) and (5.5) are exact as weak interaction | 
asymptotes for f¢,/ts>1. 
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Magnetic Perturbation of an Ammonia Maser on the 3, 2 Line 


By Koichi SHIMODA 
Department of Physics, Faculty of Science, University of Tokyo, Tokyo 
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Effects of external magnetic field on the amplitude and frequency of 
ammonia maser oscillator employing the J=3, K=2 line were measured 
and compared with theory. The variation of the traveling-wave effect 
by the external field is calculated and theoretical curves of the frequency 
shift as a function of the external field are given. Definitions of line 
center by magnetic perturbation method are discussed. It is concluded 
that the resettability with an accuracy of a few parts in 101! can be 
obtained, when the variation of maser frequency of about 0.5 cps. caused 
by a magnetic perturbation of 2 to 3 oersteds can be detected and 


corrected. 


Introduction 


§1. 


The frequency of oscillation of an ammonia 
beam maser is primarily determined by the 
energy levels of the molecule, but it is sub- 
ject to small shifts due to several reasons”. 
In order to get rid of the complicated be- 
havior caused by the quadrupole hyperfine 
structure”.», ammonia masers on the /=3, 
K=2 line of N'*Hs have been constructed and 
tested. Design, construction, and operating 
characteristics were reported in the previous 
paper’). Particularly the variation of the 
frequency pulling by the cavity was measured 


against focuser voltage and was explained | 
theoretically. Frequency shifts due to travel- 
ing wave component in the cavity, due to. 
background pressure and the fringing electric | 
field were also reported. | 
Because the maximum amount of frequency | 
pulling by the cavity is as large as 2 to 3 keg 
cavity tuning for maximum output cannot | 
determine the line center with an accuracy | 
of better than +1x10-%. It was proposed 
before’ to employ a magnetic perturbation 
method for tuning the cavity. If the resonant | 
frequency of the cavity is different from the | 
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frequency of the line, the frequency of oscil- 
lation of the maser changes with the applied 
magnetic field, because the magnitude of fre- 
quency shift increases with the broadening 
of the line. Only when the cavity is tuned 
on the frequency of the line, the frequency 
of oscillation is expected to be unchanged 
with application of magnetic field. Magnetic 
perturbation methods of tuning were tried in 
several laboratories, but they were not suc- 
cessful on the /=3, K=3 line because of the 
existence of quadrupole hyperfine structure. 

Experimental and theoretical studies of the 
magnetic perturbation method on the /=3, 
K=2 line of N'tHs are described in this 
paper. The method may well apply to a 
maser using N‘'°Hs. 


§2. Zeeman Effect of the 3,2 Line of 
Ammonia 


Spectroscopic investigations on the magnetic 
hyperfine structure and the Zeeman effect of 
the 3,2 line have been carried on in this 
laboratory. Details of the experimental re- 
sults and their theoretical analysis will be 
reported later and only the weak field Zeeman 
pattern which is necessary for the analysis 
of magnetic perturbation is briefly described 
below. 

The observed hyperfine structure of the 3, 2 
line of ammonia consists of a strong main 
line at the center and two pairs of magnetic 
hyperfine satellites. A picture displayed on 
a cathode-ray oscilloscope is shown in Fig. 1. 
The inner satellites are separated from the 
main line by 24.35+0.15 kc, and the outer by 
62.59 +0.30 kc®. 

The spectrum was observed with a one- 
klystron system which is similar to that 
described before®. The maser employed was 


The magnetic hyperfine structure of the 
The main line is strongly staturated. 


Fig. 1. 
3,2 line. 
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the same one as described in the previous 
paper®. Helmholtz coils of 20cm radius were 
used for spectroscopy, while those of 13cm 
radius were used for magnetic perturbation 


(a) H=8.3 oe. 


(D)= Jal isj5) Os 


(Geri 25: 0ioe: 
Fig. 2. C.R.O. pictures of weak field Zeeman 
pattern. 


2272 


of the maser oscillator which will be described 
in the following sections. 

When the dc magnetic field is parallel to the 
axis of the TMow cavity, very little change 
in the intensity and width of the line was 
observed with the maximum available field 
intensity of more than 100 oersteds. Weak 
field Zeeman patterns in the magnetic field 
perpendicular to the cavity axis observed by 
the maser spectrometer are shown in Fig. 2. 
The main line split into three groups of 
components at a field below 20 oersteds. In 
a field beyond 20 oersteds the central -com- 
ponent further splits into two groups as 
shown in Fig. 2 (d). 

Preliminary results of the frequencies of 
resolved Zeeman components are plotted in 
Fig. 3. The outer satellites split into many 


15 


20 Zo 
H  Cersted 


30 


Fig. 3. Zeeman splitting vs. dc magnetic field 
which is perpendicular to the axis of the cavity. 


components and becomes very weak in a field 
which is stronger than several oersteds. Only 
the strong components are shown in Figs 3. 
The inner satellites do not merge in the 
Zeeman components of the main line in 
a weak field. Therefore, only the Zeeman 
components of the main line seem to be re- 
quired in describing the characteristics of the 
maser oscillator on the 3,2 line. Further 
discussions will be found in the following 
paper. 


Koichi SHIMODA 


§3. Amplitude of Oscillation in Magnetic 
Field 


The relative intensities of the three groups © 
of Zeeman components are described as — 


(1—C)/2:C:(1—C)/2, and the splitting as 4uz. 
The theoretical value is calculated to be C 
=0.389. It is difficult to calculate the exact 
line-shape because of the velocity distribution 
of molecules and of the effect of unresolved 
components. The Lorentzian line-shape is 
assumed for simplicity of calculation. 

When the rf amplitude is so low that the 
saturation may be neglected, the imaginary 
part of the resultant susceptibility y=y’+7y’’ 
of molecules under weak magnetic field is 


written as 
1—C 14+Cu? 

It — — 

t (c+ rer 140? 
where uw is the frequency shift of the side 
component devided by the half-width, 4», 
that is 


(1) 


Xo » 


Av 
and yo is the imaginary part of susceptibility 
of the molecular beam without magnetic field. 

The amplitude of oscillation is given by 
Eq. (9) in the previous paper” as 
Nett __ 0? 
Nth - sin? 0 ’ 


(2) 


where @ represents the amplitude of rf electric | 


field FE in the cavity of length L, 
2 Sally 1 (le Th 
2v» ho 2” 
and Mert is the effective beam intensity at 
zero dc magnetic field. The susceptibility of 
the molecular beam is of course proportional 
to the beam intensity so that 
0? 1+ Cut, 
; = CO; 
sin? 0 1+y7 


where /e#/7:n=p? may be called the normalized _ 


beam intensity in the absence of magnetic 
field. 


The variation of 0 with the magnetic field | 


is calculated from Eq. (3) and shown in Fig. 4. 


The observed amplitude of oscillation is the | 
In order to compare | 
it with the theoretical result, the observed | 
amplitude A was divided by the critical radial | 
velocity ve which was shown in Fig. 2 in the | 
previous paper*’, because ve is approximately | 


relative value of x or E. 
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(3) |F 
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3 a 4 5 


Fig. 4, Theoretical values of @ vs. magnetic field, where parameters are ner/nin=0?. 


A/vc 


14 16 18 


Fig. 5. Experimental values of A/ve vs. magnetic field, where parameters are the focuser voltage. 


proportional to <v>. Fig. 5 shows the experi- 
mental values of the amplitude of oscillation 
plotted against applied dc field. 

When Fig. 5 is compared with Fig. 4, 
somewhat larger decrease of the observed 
amplitude of oscillation is found in a higher 
magnetic field. This is undoubtedly due to 
the incipient splitting of the central com- 
ponent which was observed as two lines in 
the magnetic field of more than 20 oersteds. 


§4. Frequency Pulling by the Cavity and 
the Line-Width 


The frequency of oscillation can be calcu- 
lated from the real part of susceptibility of 
the molecular beam. The real part of sus- 
ceptibility of Lorentzian lines at frequencies, 
vot4vx, witha half width 4v is expressed by 


(v—vo + Ava) Av 
(p—vo + 4vg)?+(Av)? i 
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(Vol. 16, | 
3 
ic 
3 
ne 
| 
fe) | 2 3 5 4 “5 
Fig. 6. Theoretical variation of cavity pulling vs. magnetic field is shown by F(u)=(1+4?)3/2 
x (14+Cu?)/2[14 8C—lw+CutJ-1. 
H Oersted 
1000 0 5 10 15 20 
Ps = 0.9mmHg 
V-Vo 


800 


Ps = 1.8 mmHg 


Ps = 1.4 mmHg 


400 


Ps=1.8mmHg 
20 


Pgs 18 mm Hg -10 
Ps = |.5mmHg 
f°) 5 10 i5 20 
on) 


Fig. 7. Observed frequency shift vs. magnetic 


Fig. 8. Observed frequency shift vs. magnetic 
field, when we>wo. The source pressure Ds is field, when we<wo. 
shown in mmHg. 


The source pressure p, is 
shown in mmHg. 
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Then the resultant susceptibility of the three 
groups of Zeeman components at frequencies 
of vo and v+4yyz is given by 
1-27? y—y 
ie [c +(1—C | 
Xo ( ) awe | db 
1+(3C—1)u?+Cut w—ao 
Cla)? 2rdv ~ 
Now the frequency of maser oscillation w 
is obtained from Eq. (40) in the paper by 
Shimoda, Wang and Townes”. The condition 


for self-sustained oscillation can be expressed 
by 


(4) 


a9 Mi) 


O ss Ant(y’ +ix!”) , (5) 


where we is the resonant frequency of the 
cavity resonator with a quality factor Q. 

The effect of saturation was calculated for 
a uniform velocity of the beam as having 
a factor! 


1—cos 20 
" 1—(sin 20)/20 ° 
Calculation of the saturation effect of the 
beam with velocity distribution and with 
Zeeman splitting of the line has not been 
carried out, but it may be expressed by the 
factor of Eq. (6), where @ is given by Ea. (3). 
Then the frequency of oscillation may by 
given from Eqs. (5) and (6) by 
1—(sin 20)/26 y’ 

a 20" 4 1=ces 20 “yl 4 
where y’+7y’’ represents the small signal 
susceptibility of the beam. 

The numerical value of (1/3)f:(0) agrees to 
(sin 0)/@ within 3 percent, when 0<@<2.4. 
This approximation allows an explicit expres- 
sion of the frequency of oscillation as follows. 
From Eq. (3) one obtains 


| Sin Oe wala 
Q\~ = i iz 
3 Ft ) 0 ed, 1aCuw 
where p can be expressed by the value of @ 
without magnetic field, 4, as 


igecectae my ee 
sin 4 Nth 

Then the frequency of oscillation is calcu- 
lated from Eqs. (1), (4) and (7) as 
(1+-u?)8/2(1+Cu?)1/2 (9) 

aoonoueQy Gop 1+(83C—1)w?+Cu* ’ 
where Q;=v0/24v. Thus the change in oscil- 
lation frequency with the applied magnetic 


leg gtaee- 
web 3 (6) 


@M—We _ 3 


Ce 


(8) 


W—Wo Q We—Wo 
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field has been expressed by the last factor in 
Eq. (9), which is shown graphically in Fig. 6 
for C=0.389. 

Experimental values of the frequency 
change with magnetic field were obtained by 
beating one maser with another one which 
is oscillating outside the magnetic field. Ob- 
served results for the cases when the cavity 
is tuned considerably off-resonant are shown 
in Fig. 7 and Fig. 8. 

The variation of oscillation frequency in 
the magnetic field of weaker than about 10 
oersteds agrees fairly well with the theoretical 
result. The amount of frequency pulling in- 
creases to nearly twice the initial value at 
a magnetic field of 5oersteds. The increase of 
frequency pulling observed in a field stronger 
than 10 oersteds, contrary to the simplified 
theoretical computation, is undoubtedly due 
to the incipient splitting of the central com- 
ponent which was resolved into two lines in 
a field of larger than 20 oersteds. A syste- 
matic change with the source pressure can be 
seen in Figs. 7 and 8. The field intensity of 
a corresponding point is found to increase 
with the increase of source pressure or source 
flux. 

The width of the line, when the maser is 
oscillating, can be determined from Figs. 7 
and 8 as shown in Table I. The observed 


Table I. Observed line-width of 
the maser oscillator. 


source pressure ps 


0.9 mmHg 2.10+0.1ke 
1.4 2.25 
1 2.35 


1.8 2.60 


increase of line-width with the source flux 
can be explained by saturation broadening of 
the line due to the increase of the amplitude 
of oscillation. 

An approximate expression of the saturation 
broadening is obtained as” 


Av=/(40) Hs y, 


where 4yvo is the half width of the line under 
small rf amplitude. Since the Lorentzian 
line-shape has been assumed, it is reasonable 
to obtain the above equation by using the 
distribution of the time of flight z of mole- 


(10) 
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cules in the cavity as exp(—7/T). 

The small signal line-width observed by 
a TMow cavity with the beam of uniform 
velocity is 

HA A, 
24v0=0.9 Tater. 
where L is the length of the cavity. When 
the velocity distribution is taken into account, 
the average of the time of flight cannot be 
given by L/<v>, since divergent molecules 
cannot travel the whole length of the cavity. 

Because the transition probability is propor- 
tional to z?, the amplitude of oscillation varies 
as <r?)!/2 and the line-width is given by <t?>~1/? 
as shown by Venkates and Strandberg®’. The 
time of flight for molecules which collide 
with the cavity wall is t=—R/vr, while for 
molecules which pass through the cavity it 
is t=L/vz, where vr and vz are respectively 
the radial and the axial components of the 
molecular velocity. Then by using 


vs Lf 

pee cond aetited 

_L ve pa 2 1 ve 
TPG Te Pea Nowks 


average of rt? can be calculated according to 
the velocity distribution theory”. Since the 
flux of molecules with the velocity components 
Vr, Vz 1S given by 
4NA; 
ee 


one obtains 


el dy, dvz ; 


hie —e- eatdy+ \’ \ ie eGedn 
(ayant ” 


a Ene-°dédn 
0J0 


o Ly, b) 

a aX1—e-*) ’ (1) 
where y(a, bd) is the function given by Eq. (6) 
in the previous paper’. The width of the 
line with a TMoio cavity may be expressed as 


i 70?) 
y(a, 6) 

Numerical values for the experimental con- 
ditions mentioned above are ve=2.24 X 103 cm/s 
for focuser voltage of 15 kV, a=5.33 x 104 cm/s, 
L= 2 em, J=40 cm, k’=053¢cm. ‘ihensme 
factor in Eq. (12) becomes 


(12) 


2Av0=0.9<2?)-1/2=0,9— bah Ral tas 


l-e* —¢=e" 
=0.78 
ya, b) 
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and the line-width is calculated as 
QAvo=3.1 kc . 

From this value the saturation broadened 
line-width while the maser is oscillating is | 
calculated by Eq. (10) and shown graphically 
in Fig. 9 as a function of the source flux. 


x 


3.0 


ke: 


Ov 


20) 


Ve = ISkV 
L =1l2cm 
J= 3. K=2 


0) 5 10 15 x10 Gee" 


Ss 
Fig. 9. Saturation broadened line-width vs. source 
flux. The starting flux for oscillation is 3.9x 
1017 molecules per second with a non-directional 
source. 


The source pressure of 0.9 mmHg corresponds 
to a source flux of about 7.510!” molecules 
per second. Then the observed values in 
Table I are also plotted in Fig. 9 by assuming 
that the source flux S is proportional to the 
source pressure. The agreement between 
theoretical curve and experimental results 
seems good. 


§5. Traveling-Wave Effect under Magnetic 
Perturbation 

On comparing Fig. 7 with Fig. 8, a slight 
asymmetry of the pulling characteristics 
between lower and higher frequency sides is 
found. From a simplified theory one may 
expect that the frequency of oscillation does 
not change by magnetic perturbation, if the 
cavity is exactly tuned on the frequency of 
the line. 

However, careful measurements have shown 
small variations of the oscillation frequency 
with magnetic field even when the cavity is 
tuned on the center of the line. Some of 
the experimental results near the center of 
the line are shown in Fig. 10, where the zero 
of the frequency shift may not be the exact 
line center and hence only the variation of 
frequency is important. 

Now the frequency shift due to the traveling- 
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wave component is considered for the maser 
under magnetic perturbation. Decrease of 
the amplitude of oscillation as shown in 
Figs. 4 and 5 will change the Doppler effect 
due to the traveling-wave component in the 
cavity. By combining Eq. (3) in this paper 
with Eq. (18) in the previous paper, the 
shift due to traveling-wave effect can be cal- 
culated as a function of applied field intensity. 

The value of frequency shift depends on 
the relative beam intensity and on the aver- 
age position Z of power dissipation in the 
cavity which is expressed by a parameter 


200 Ds =1,8mmHg 


100 


a { ‘oe Pg=|.8mmHg 
° d 
NN 20 
Gersted 
Pg = |.BmmHg 
-100 
-200 


Fig. 10. Oscillation frequency vs. magnetic field 
near the center of the line. 


1,0 
| 
05 
Q/2Qo 
we L/2 L 
—_> L 
Fig. 11. Traveling-wave parameter d=(L—Z)/L 


as a function of the position of the output 
waveguide Jy. 
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d=(L—Z)/L. If the rf electric field is uni- 
form along the length of the cavity, the 
effective value of Z is given by 


O° Heng 
yee pa 
0.2 uo: 


where JL: shows the position of the output 
coupling measured from the inlet hole of the 
cavity, Q: the Q of the coupling, and Qo the 
unloaded Q of the cavity. Then the para- 
meter d is written by 


SS ya) a) 


and is shown in Fig. 11. 

The effective value of d for an actual cavity 
depends on the distribution of electric field 
caused by the slight change in diameter 
along the length and by the inlet and outlet 
holes for the beam. Besides, the effect of 
beam divergence must be taken into consider- 
ation. Therefore, theoretical calculation of 
the accurate value of d is difficult. 

Now using a semi-empirical value of d, the 
traveling-wave effect given by Eq. (18) in the 
previous ae is 


(13) 


(14) 


wo —W 7 


Wo . 20 


ae AO qe |. 


(15) 
Variations of the amplitude of oscillation near 
the center of the line due to slight detuning 
of the cavity are negligible. Then the am- 
plitude of oscillation in a magnetic field is 
given by Eq. (3). On substituting the approxi- 
mation of Eq. (8), the traveling-wave effect 
is written as 


1l+u?- 
eee A(4 2 7 tee) 
Pp. ECW 4) 16 
x( 3V itu = 
where A is a constant given by 
=a vl 
“eax v= 


Because the additional frequency shift »—v’ 
due to cavity pulling is expressed by Eq. (9), 
the resultant frequency shift can be written 
as 


Re oe Ve Te \(2 [Cut ‘) 
5 w= A(4 —= 1+Cu? 1+u? 
B — (1-02)? 


eye LEBC—luitCu * 
(17) 4 
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Fig. 12. Frequency shift for d=0.4 vs. magnetic field. 
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Fig. 13. Frequency shift for d=0.5 vs. magnetic field. 
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Fig. 14. Frequency shift for d=0.6 vs. magnetic field. 


where B is a parameter which is proportional 
to the detuning of the cavity. 


B=" (vv) = 204 
Q: vo 
From the values of experimental apparatus, 
J=8000, L=12.em,-A=L3'em, and'v—a-/ </2 
=4.73 x10! cm/s which is the average of vz in 
the beam, the constant becomes A=66 cps. 
Computed values of the frequency shift from 
Eq. (17) are shown against the applied mag- 
netic field in Figs. 12, 13 and 14 for d=0.4, 
0.5, and 0.6 respectively. These results show 
that the agreement with experimental results 
of Figs. 7, 8, and 10 is good in a weaker 
field for which uw is smaller than about 3. 
A more detailed comparison near the center 
of the line is shown in Fig. 1 of the following 
paper, where discrepancies between theoretical 
and experimental curves in a higher field 
will be discussed. 


§6. Definitions of Line Center by Magnetic 
Perturbation 


As shown above, the frequency of the 3, 2 
line maser oscillation varies in a complicated 
way with the applied magnetic field, when 
the beam intensity is large. Therefore, it is 


not easy to determine an exact and unique 
center of the line, especially when the beam 
is intense. Three kinds of definitions of line 
center by magnetic perturbation methods are 
described and compared in the following. 
(1) Infinitesimal magnetic perturbation 

The theoretically simplest and unanimous 
definition of the line center is given by the 
frequency at zero magnetic field when d»/dH? 
=(0. This may be called the line center by 
infinitesimal perturbation. After differencia- 
tion of Eq. (17) with respect to w?, the con- 
dition of cavity tuning to give the line center 
is expressed by 


eae ras 
B=" _(4e*—9d). . (18) 


Then the line center (at ~=0) is obtained as 


pean Se aia), 
5 50 
Calculated values of the frequency of the 
line center for A=66 cps are shown in Fig. 15. 
Although the infinitesimal perturbation is 
simple for a theoretical treatment, the practi- 
cal magnitude of magnetic perturbation must 
be finite. 
(2) Maximum perturbation 
If the beam intensity is not very large, 


(19) 
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Fig. 15. The line center by magnetic perturbation plotted against the effective beam intensity 2. 
Solid lines for infinitesimal perturbation and broken lines for maximum perturbation. 


the oscillation of the maser is quenched at 
a magnetic field which is given by taking 
6=0 in Eq. (3). 


1+Cw 1 
max — 20 
1 5 2efameemen C3 as 


The condition that the frequency of oscillation 
just before it is quenched is equal to the 
zero-field frequency, determines a line center 
by maximum perturbation. 

The maximum perturbing field is obtained 
from (20) by 


Ries Sm ease 

Umax 1—Co? ? 
where C=0.389 for the 3,2 line of N*Hs. 
The frequencies of oscillation given by Eq. 
(17) for u=0 and for u=umax become equal, 
when the cavity is so tuned that 


3B _ (4o—9d){2—(3C+1)¢?+2Cp*} 


Then the frequency of the line center by 
maximum perturbation is obtained by putting 
Eq. (21) and u=0 into Eq. (17) as 


“yA fan A—Op4p 9d) nae 
an bak Maer REMC ET a ad 
(22) 


Calculated values for A=66cps, C=0.389 are 
shown in Fig.15 by broken lines. These cal- 
culations cannot be applied when 9? is large, 
because the observed frequency shift differs 
considerably from the theoretical values when 
the magnetic field is strong. 
(3) Perturbation of constant amplitude 

The most practical method of perturbation 
is to intermittently apply a magnetic field of 
a constant intensity. The relative Zeeman 
splitting changes from u=0 to u=um. When 
the cavity is tuned so that the frequency of 
oscillation does not change between u=0 and 
U=Um, the condition for line center may be 
expressed by 


R(1-+Um?)? 


A 2+20—(3C—1)0?—2Cp? ce 
4p? a 
3 ( p h ja k) BY 


Tey 
1+(3C-+1)em?+ Cum! } 4 


(23) 
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where 


b= / A iCunt 
1+Um? 
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(24) 


Then the frequency of oscillation determined by the square-wave magnetic perturbation 
between uw=0 and um, is written after some manipulations as 


»—m= Al 1+k 13 
2+3k+ kun? 3 


enw. ey oe 
ko 


(25) 


Typical examples for um?=1 and 0.5 are shown in Fig. 16. The modulation amplitude for 
Um=1 is 2.8 oersteds when 4y=2.1kc at a source pressure of 0.9 mmHg which is the typical 


operating condition. 
the line center by infinitesimal perturbation. 


It may by noted that when w-0 and k->1+3(C—Dw?, Eq. (25) gives 


The sensitivity of magnetic perturbation can be expressed by 


5 — domo) 


(1+ um?)3/2(1 + Cum?)1/? a 


~ O(v—vo) 1 +(3C—1)m? + Cum! ; 
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Fig. 16. The line center by square-wave magnetic perturbation between u=0 and Um, poltted 


against the effective beam intensity. 


where v and vm are the frequencies of oscil- 
lation without and with a magnetic field 
respectively. The function S+1 was graphi- 
cally shown in Fig. 6. For u#m=1 and 0.707 
the sensitivity is 1.14 and 0.69 respectively. 


§7. Conclusion 


When the frequency change of about 0.5cps 
due to the perturbing magnetic field of 2.8 


oersteds is detected so that the cavity can 
be tuned in, the frequency of oscillation be- 
comes accurate to within +210-'4. Decrease 
of the perturbing field from 2.8 to 2.0 oersteds 
produces a frequency shift of only lcps, 
hence the fluctuation of the amplitude of 
magnetic field by 10 percent gives an error 
of less than +1X10™". 

Variation of the magnetic perturbation line 


2282 


20F ee 
ps2 6e 
—— 


V-Yo cps 


| sal | 
3 


[e) 
ie) 


Um 
Fig. 17. Variation of the line center against the 
amplitude of perturbing field when d=0.5. 


center with the amplitude of perturbing field is 
shown in Fig. 17 for the case of d=0.5. This 
curve indicates that a larger amplitude of per 
turbing field (about 4 oersteds) gives better 
performance. But it requires stronger beam 
intensity which accompanies some unfavorable 
factors such as larger frequency dependence 
on the focuser voltage*) and the deterioration 
of vacuum. Thus the recommended mag- 
nitude of perturbing field is 2.0~2.8 oersteds 
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for the 3,2 line maser with a cavity of 12cm 
length. 

The pressure of ammonia due to scattered 
molecules in the cavity increases the fre- 
quency of oscillation. Although this type of 
frequency shift will be discussed in the paper 
which will describe the details and perform- 
ances of an ammonia frequency standard, 
one may here conclude that, if the maser is 
operated in a good vacuum, an accuracy of 
a few parts in 10'! can be achieved by the 
magnetic perturbation on the 3,2 line maser 
oscillator. 
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Dependence of Magnetic Coupling Constant of Ammonia 
on the Inversion State 


By Koichi SHIMODA 
Department of Physics, Faculty of Science, University of Tokyo, Tokyo. 


Observed increase of the frequency of an ammonia maser with magne- 
tic field on the J=3, K=2 line which was determined by a magnetic 
perturbation method is explained by assuming a small difference between 


magnetic coupling constants of upper and lower inversion states. 


Theo- 


retical analysis developed by neglecting the magnetic moment of nitrogen 


nucleus is given. 


The magnetic coupling constant in the upper inversion 
state is found to be smaller by 0.5+0.2 percent. 


This seems to be a 


reasonable magnitude, when the dependences of interatomic distances and 
of the rotational magnetic moment on the inversion state are considered. 


Introduction 


Sil; 

The frequency of an ammonia beam maser 
on the J/=3, K=2 line can be determined 
within 1 cps at the oscillation frequency of 
22834.185 Mc. The frequency of oscillation 
varies with the dc magnetic field which is 
applied in a perpendicular direction to the 
rf electric field along the cavity axis. The 
observed variation of frequencies in a weaker 
field agrees with the theoretical result which 
has been described in the preceding paper.” 
However, in the magnetic field of stronger 
than 8 oersteds somewhat large increase of 


cps. 


FREQUENCY 


0 5 10 15 
MAGNETIC FIELD ©, 


Fig. 1. Observed frequency shifts vs. magnetic 
field, when the cavity is tuned to near the 
center of the line. Lower curves are the calcu- 
lated shifts due to traveling wave and pulling 
effects. 


the oscillation frequency with magnetic field 
was found. Theoretical and experimental 
frequency shifts near the center of the line 
are compared in Fig. 1. 


The increase of frequency in a stronger 
field may be due to the second order Zeeman 


effect. The usual diamagnetic second order 
Zeeman effect is expressed by?) 
292 a 
AW 
8mc? 


This gives a much smaller shift of about 
lcps at a magnetic field of 20 oersteds and 
hence negligible. 

The observed hyperfine structure of the 
3, 2 line of ammonia has a strong main line 
at the center and two pairs of magnetic hy- 
perfine satellites.®) Since Zeeman components 
of the inner satellites do not merge in the 
Zeeman components of the main line in a 
weaker field, only the main line and the outer 
satellites will be taken into consideration in 
discussing the frequency of the maser 
oscillator. 


§2. Description of Energy Levels for the 
J=3, K=2 State 

Because of lack of quadrupole coupling for 
the J=3, K=2 state, the conventional coup- 
ling scheme which is described by Fi=J+In 
and F=F,4+J_ is not appropriate in this case. 
Since the magnetic moment of a proton is 
much larger than that of the nitrogen nucleus, 
the strongest magnetic coupling is the one 
between the rotational magnetic moment of 
the molecule and the nuclear magnetic moment 
of three protons. Therefore, a better coupling 
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scheme is made up by 
F.=J+In, and F=Fi+ly, . 


where J is the resultant spin of three pro- 
tons and Jy the spin of nitrogen nucleus. 
When this coupling scheme is used, contribu- 
tions of off-diagonal matrix elements become 
very small in calculating the energy levels 
of the magnetic hyperfine structure. Thus 
the angular momentum F» is considered to be 
a pretty good quantum number and the energy 
levels are given by diagonal elements of the 
Hamitonian to a good approximation. The 
levels are shown in Fig. 2, and agree within 
+1kc with the exact calculation by Hadley.’ 


F,=5/2 


Fig. 2. Hyperfine levels of the J=3, K=2 state 
of N4H3. 


The outer satellites of the hyperfine struc- 
ture of the 3, 2 line correspond to the 4F2=+1 
transitions, while the main line corresponds 
to the 4F:=0 and 4F=0 transition. Three 
components in each outer satellite correspond- 
ing to three different values of F have not 
been resolved. The inner satellites correspond 
to the 4F:=0 and 4F=-+1 transitions, and 
the Zeeman shifts of these lines are small. 
Therefore, one may neglect the contribution 
of Jy in discussing the magnetic perturbation 
of the main line. 

Now two pairs of inversion levels, F2=5/2 
and F:=7/2 are considered. The magnetic 
hyperfine energy is given by the expression 


CK? 
T E 
Tape ie 


where fg is abbreviated as J, and 


I-J)={Fo(F2+1)—JU4+)—-JJ+)}2 (2) 


since, J—=1/2 for =3-and) K-32 thesabove 
expression gives (J-J)=1.5 for F,=7/2 and 
—2.0 for F.,=5/2. 

By using the coupling constants obtained 
by Gordon,» one obtains W3=36kc and 
Wij2= —27 kc, the accuracy being about +1 kc. 


W)=(A+ (1) 
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The separation of 4W=Ws,2—W22=63 kc 
agrees with the observed separation of the 
outer satellites. The simplified energy levels 
and the corresponding spectrum is shown in 
Rigars: 


Fig. 3. The simplified energy levels (Jy =0) and 
the corresponding spectrum. 


Energies of hyperfine levels F2=5/2 and 7/2 
of the 3,2 state of ammonia in a magnetic 
field H can be calculated by the Breit-Rabi 
formula for atomic hyperfine structure.® After 
a slight modification of notations, it can be 
written as 


AW 
W=———— gs pxMH 
p15 Ben gpa 
ine Ww AMxe 
itd Soka UI 3 
one + 5 [dlls a ial 
where py is the nuclear magneton, M the 


component of F: along the magnetic field, and 
(4) 


From the values for the /=3, K=2 state of 
N1*4H3;: 
Oz =0530, O75. Doo Ooi ke mana 
e=0.0611R. 


the energy levels are calculated as shown in 
Fig. 4. Because the value of the second term 
is comparable to that of the third term, varia- 
tion of the energy levels shown in Fig. 3 is 
somewhat different from that of atoms for 
which the second term is almost negligible. 


§3. Spectrum of the 3, 2 Line of N‘‘H; in 
a Magnetic Field 


The inversion spectrum of the 3, 2 line of 
N'“Hs in a perpendicular magnetic field is 
made of 4F2=0, +1 and 4M=-+1 transitions. 
Then the Zeeman components of the main 
line correspond to the 4F.=0 and 4M=+1 
transitions. 
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Fig. 4. The magnetic field dependence of the magnetic hyperfine levels of each inversion state of 


ammonia. J=3, K=2, and Ig =1/2, In =1. 
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Since the energy levels for F2=5/2 are 
closely spaced when «<1 or H<16 oersteds, 
Zeeman shifts of Ff:=5/2 — 5/2 lines are small. 
They are observed as a single unshifted line. 
The transitions F,=7/2—>7/2 and 4M=+1 
are shifted by 


Orgs 
=+ nH= +0.95 x 10° 
ua at i 2a jes 


(cps) 
when w<1. The splitting in a higher field 
becomes smaller than that given by the above 
equation except for a pair of components cor- 
responding to the M=7/2—5/2 transitions. 
Thus the Zeeman components of the main 
line are divided into three groups: the central 
group is the F,=5/2—5/2 and M-> M+1 
transitions; the group in the higher frequ- 
ency is the F2.=7/2-—>7/2 and M— M-+1 (emis- 
sion) transition; and the group in the lower 
frequency is the F,:=7/2—>7/2 and M— M—-1 
transition. Observed Zeeman patterns have 
been shown in the preceding paper.” 

If the magnetic coupling constant and the 
g-values are equal in the upper and lower 
inversion states, the Zeeman pattern is 
exactly symmetric with respect to the center 
of the line which does not move. However, 
if their values in the upper and in the lower 
inversion states are different, the frequency 
of the central line varies slightly with the 
magnetic field. The magnetic coupling con- 
stant and hence the splitting 4 W are considered 
to be proportional to fmofta<1/7*>, where 7 is 
the distance of a charge from the proton and 
fu=3grex is the proton magnetic moment. 
Variations of the average distance may be 
considered by the inter-nuclear distance dyn, 
because the distance between an electron and 
the proton varies approximately in proportion 
to dyn. The inter-nuclear distance will be 
larger in the upper state, and the splitting 
should be smaller for the vibrationally 
excited state. The molecular g-factor given 
by #mi=ZslnJ does not vary so much with 
the vibrational state. 

For simplicity of discussion, gs may be 
assumed to be equal in the upper and lower 
states, while the splitting is 4Wu. in the upper 
state and 4W;, in the lower state. Then the 
average frequency of F:=5/2 and 4M=+1 
transitions in a weak field is obtained from 
Eq. (3) in the form 
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eine AWa)( Hm “ie 


=0.22(4 Wi—4 Wu)a? (3) 


where <M?» is an average of M? with weight | 
of the relative intensities of the correspond- 
ing transitions. 

When the dependence of gs on the inver- 
sion state is taken into calculation, Eq. (5) is 
replaced by 


SN (22 te 
: 4W (9 frail 8 fg 4 49 h 
o4W Ogs 
=—( ——-+ 0.106— ) x 52H? 6 
ae =) eG 


where H is in oersted and »—vo in cycles per 
second. When 64W=4W.u—4W, is negative, 
Eq. (6) gives the frequency increase of the 
central group of the Zeeman component, while 
the average frequency shift of two groups 
corresponding to the F,=7/2 and 4M=+1 
transitions is negative and its absolute value 
is equal to Eq. (6). 

These three components overlap in a weaker 
field. The frequency of the maser is given 
by the susceptibility of the molecule as y’=0, 
if the traveling wave effect and the cavity 
pulling are missing. On the assumption of 
Lorentzian line-shapes for the three groups 
of Zeeman components one obtains from Eq. 
(4) of the preceding paper” 


AT a! 4 
Xo 1p) 
+R qe A-O) Ove) + CK (a 
Av(1+u?)? : \ 


where KH? represents the shift given by Eq. 


1QO;- 


O iS 10 1 20 
H Qersted 


Fig. 5. Calculated frequency shift y—v) and the 
observed Zeeman splitting dvy. 
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(6), 4va—udy is the splitting of groups, and 
C the relative intensity of the central group. 
Then the frequency of oscillation v to make 
x’=0 is calculated from Eq. (7) as 
Cu?(3+u?) (8) 
1+(8C—1)w?+Cut 
Computed values of »y—») for C=0.389, dyv= 
2.5kc, and K=0.25 is shown in Fig. 5, where 


the observed variation of 4yy with the magne- 
tic field is also shown. 


y—y—KH 


$4. Comparison with Experimental Results 


Observed variation of the oscillation frequ- 
ency of the 3, 2 line maser in a weak field 
is complicated because of superposition of the 
traveling wave effect and the pulling effect 
of the cavity. In a somewhat stronger field 
of near 20 oersteds the central line is broa- 
dened and weakened by the spread of un- 
resolved Zeeman components. ‘Therefore, 
exact comparison between the theory and 
experiment is not easy, but the observed in- 
crease of the frequency of the maser in a 
higher field as shown in Fig. 1 can be ex- 
plained by the dependence of the magnetic 
coupling constant on the inversion state. 

By comparing frequency shifts in Fig. 1 
with those in Fig. 5 in the region between 
about 8 and 16 oersteds an estimate is ob- 
tained as K=0.25+0.08. This gives that 


SAW 0: 10670 


4W gs 


Dependence of gs on the inversion state is 
considered to be smaller than that of 4W so 
that one may take 


=== (0 AB 0:15) 6 1054 con69:) 
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Ah Jd4W 
SAW 
Then the Spe sti of the splitting or A+ 
CK?*/J(J+1) in the upper and lower inversion 
states is 
o4W 
4W 


This decrease of the magnetic coupling 
constant by 0.5% in the upper state seems 
to be a reasonable magnitude because it cor- 
responds to the increase of molecular size 
by 0.1% in the upper inversion state, or the 
increase of NH distance by 0.0014. 

Eq. (10) leads to 6{A+CK?2/JJ+)}=6(A+ 
C/3)=90+35 cps. If Jy is taken into consider- 
ation, the magnetic hyperfine structure must 
be slightly asymmetric with respect to the 
main line which is composed of closely spaced 
doublets. However, these effects are too small 
to be observed by the present spectrometer. 


0, 10670 < 


=—(0.5+0.2) 10-2. (10) 
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Single and Double: Ionization of Na, K and Mg 
by Electron Impact 


By Yozaburo KANEKO 


Department of Physics, Faculty of Science, Tokyo Metropolitan University, 
Setagaya, Tokyo 25 
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The ionization efficiency curves for Nat, Nat+, K+, K++, Mgt and 
Mg++ are studied with essentially monoenergetic electrons. 

It is proved that Na+, K+ and Mgt follow the linear law up to 1.5 
eV, 0.8eV and 2eV above the thresholds, respectively, and that Nat+ 
and K++ follow the square law up to about 20eV and 15eV above the 
thresholds, respectively. These results agree with the theoretical predic- 
tion that n-fold multiple ionization would be proportional to a n-th power 


of excess electron energy. 


Two remarkable humps are found in the I. E. curve for Mgt, which 


are attributed to autoionization processes. 


These processes occur at 2.3+ 


0.leV and 5.0+0.2eV above the ionizotion potential, the first one may 
correspond to the excited states of Mg atom, !F° and 3D°, but any 
excited states to be correlated to the second one is not known. 


Contrary to expectation, the I. E. curve for Mg++ 
curve of excess energy but has a complex shape. 


is not a square 
In order to explain 


the shape, possibility of autoionization due to excitation of inner shell 


electron is suggested. 


$1. Introduction 


Some experimental studies on the proba- 
bility of ionization by electron impact near 
threshold for atoms or molecules have been 
made recently. 

Hickam, Fox, and Kjeldaas" found that the 
formation of Het is proportional to the first 
power of the excess energy of impact elec- 
tron. The result did not agree with Wannier’s 
theory”) in which he predicted that the 
probability of single ionization would be pro- 
portional to 1.127 power of excess electron 
energy, but agreed with Geltman’s theory® 
in which he predicted a linear law for single 
ionization. 

Further, Fox") found that the formation of 
He*+ is proportional to the second power of 
excess energy. This agreed with Wannier’s® 
and Geltman’s®) theories. They derived in- 
dependently the relation between the proba- 
bility of n-fold multiple ionization and excess 
energy as 

P(X"*)=K(E—Ec)” . Gile 
Here, m=1, 2, ----, E is electron energy, Ec 
is ionization potential of X, and K is a con- 
stant. 

In his measurement on multiple ionization 
of Xe, from Xet to Xe’+, however, Fox found 


that the multiple ionizations of the atom do 
not follow the power law mentioned above, 
but are linear to the excess energy, for all 
ions”. He explained the fact that the multi- 
ple ionizations of Xe do not follow the power 
law by the occurrence of Auger transition 
due to ionization of an inner shell electron. 
On the other hand, Morrison et al®.” and 
Krauss, Reese and Dibeler®’, through the ex- 
periment on rare gases, obtained the results 
which do not agree with Fox’s results but 
follow the power law. The conclusion for 
this problem has never been obtained®.!, 
Dibeler and Reese! reported that the power 
law is applicable to Nat, Nat+ and Nat+t. 
Blais and Mann!” reported that Aut* is linear 
to electron energy. 

It is very powerful for this kind of studies 
to use monoenergetic electrons. The author 
reported previously the study on ionization 
efficiency curves for At, Kr+, Nzt and COt 
by the use of monoenergitic electrons). It is 
concluded from the study that the ionization 
efficiency curves (I. E. curves) for single 
ionization is linear to excess energy, and 
that occurrence of ionization to an excited 
level of ionic state appears as a “break” of 
the I. E. cvrve, and occurrence of autoioniza- 
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tion appears as a “hump” in the I. E. curve. 

The study on Nat, Nat+, K+, K++, Mgt and 
Mg** by the use of monoenergetic electrons 
is reported in this paper. These ions seem 
to be adequate for study on threshold law, 
because energy separation between ground 
state and excited level is so large for these 
ions that the ionization to the excited level 
is not necessary to be considered. 

There are studies on Na by Tate and 
Smith”), and Dibeler and Reese"), and on K 
by Tate and Smith). These experiments, 
however, were made not by monoenergetic 
electrons but by electrons with wide energy 
width. The experiments on metal atoms by 
the use of monoenergetic electrons have been 
made for Hg’), and Cd, Zn and Hg"®), and 
Cu, Ag, and Au”). All of the I. E. curves 
of these metal atoms have complex shapes 
which cannot be found in I. E. curves of rare 
gas atoms. Therefore, it can be expected to 
find unknowns tructures in the I. E. curves 
of Na, K, and Mg by the use of monoenergetic 
electrons. 


§2. Apparatus and Experimental Procedure 


The mass spectrometer used in this study 
is of 60° type and its radius is 20cm. The 
R. P. D. method (Retarding Potential Differ- 
ence method) was used for ion source as in 
the previous study’®), therefore, ionization 
could be effected by essentially monoenergetic 
electron beam. A secondary electron multi- 
plier was used for the ion current detector. 

In order to vaporize metalic samples a 
furnace was mounted near the entrance of 
the ionization chamber. The details of the 
furnace are shown in Fig. 1. The furnace 
consists of a qualtz tube wound with tungsten 
wire and a stainless steel radiation shield. 
A stainless steel crucible is set into the qualtz 
tube at a fixed position, the size of the cruci- 
ble being so close to the qualtz tube that the 
atomic beam may be always effused into the 
center of the ionization chamber. An alumel- 
chromel junction is spot welded to the top of 
the crucible. Temperature of the crucible 
can be raised to any desired points up to 
1,000°C in twenty minutes after it is begun 
to heat. Though temperature of the junction 
seemed to be a little lower than that of the 
center of the crucible, fluctuation of the tem- 
perature of the junction was less than 
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Fig, 1. Details of ion source and furnace. 
ionization chamber. 

cross section of electron beam. 

ion repelling electrodes. 

stainless steel radiation shield. 

qualtz tube. 

tungsten heater—0.2 mm¢, 2mm pitch. 
stainless steel crucible. 
alumel-chromel junction. 

sample. 
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+2°C/hr at 560°C. For example, in case of 
Mg, fluctuation of peak height (i.e. ion cur- 
rent) was +2%/hr. The temperature of the 
crucible was kept at 248°C for Na and K, and 
at 560°C for Mg. For example, 90 mgs of 
Mg metal is sufficient for 70 hours of opera- 
tion. Peak height does not decrease with 
decrease of the amount of the sample through 
the measurement. The peak height is 
changed only by temperature of the crucible, 
and begins to decrease suddenly when the 
sample is consumed completely. In order to 
test the characteristics of the mass spectro- 
meter, gas samples can be introduced simul- 
taneously. As the existence of the crucible 
hinders the gas flow, however, the sensitivity 
for gas samples decreases relatively. Metal 
atoms effused from the crucible condense 
upon the wall of the ion source, especially 
upon the ion repelling electrodes. Once the 
source is exposed to a low vacuum, it becomes 
a serious obstruction by oxidation of surface, 
though it is not so troublesome in high vacu- 
um. Therefore, when the sample is changed, 
the ion source must be dismantled and re- 
freshed. 

It is important to keep the “effective” 
number of ionizing electrons constant when 
electron accelerating voltage is varied. As 
ions detected at the collector of mass spectro- 
meter seem to be made at a very small part 
in the ionization chamber, electrons only 
which pass through this part could be “ effec- 
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tive”. As previously reported'®)1”, it is very 
difficult to examine experimentally the 


“ effective ” number of electrons being kept 
constant. Therefore, the I. E. curve obtained 
over a wide energy range may have pos- 
sibility including some errors. Even for the 
experiment in a short energy range, it is 
necessary to measure the I. E. curve of the 
sample gas and referring gas simultaneously, 
for more precise study. The first ionization 
potentials of metal atoms, however, are so low 
that adequate referring gas samples cannot 
be found. 

In this study mixed sample of Na and K 
metals was used and measured alternately 
in order to compare the I. E. curve of each 
metal. Though, for Mgt+ ion, Net ion was 
used as a referring ion, Mgt had to be meas- 
ured independently. 

The metal samples used in this experiment 
are purest in commercial grade, and were 
not refined especially. 


§ 3. 

The I. E. curves measured for Nat, Nat, 
Kt, K**+, Mgt and Mg++ are shown in Fig. 
2-4. Dotted curves in Fig. 2 and 3 are the 
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Fig. 2. I. E. curves for Na+ and Nat++. Dotted 
line is Na+ curve measured by Tate and Smith. 


I. E. curves obtained by Tate and Smith"). 
As described in section 2, these I. E. curves 
measured over a wide energy range may 
include some errors. In this experiment, 
however, as the mixed sample of Na and K 
is used, and the I. E. curves are measured 
alternately, the relative difference between 
them could be believed. The results obtained 
in this experiment agree qualitatively with 
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Fig. 3. I. E. curves for K+ and K*+. Dotted 


line is K+ curve measured by Tate and Smith. 


(arbitrary units) 


Ion Current 


20 40 60 80 100 
Electron Energy (eV) 


Fig. 4. I. E. curves for Mgt, Mg++ and Net. 
Dotted line is Ne+ curve measured by Bleakney. 
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Fig. 5. I. E. curves for Na+ and K+ near the 
thresholds, 
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that of Tate and Smith as seen in Figs. 2 
and 3. I. E. curve for Net, measured as 
referring ion for Mgt+, is shown in Fig. 4. 
Dotted curve is Net curve obtained by 
Bleakney'® and the curves agree well with 
eachother. ThelI. E. curve for Mg** obviously 
differs from that for Ne*. 

The sensitivity factors for double ionization 
in Figs. 2-4 are not corrected with ion-electron 
conversion efficiency of the secondary electron 
multiplier. The pulsing method and retard- 
ing method only were used in these measure- 
ments, instead of the R. P. D. method, 
because electron energy width did not affect 
the I. E. curves so much for wide energy 
range. The I. E. curves for each ion near 
the thresholds are shown in Figs. 5-8. These 
curves were measured by the R. P. D. method 
with 4Ve (i.e. energy width of ionizing elec- 
_tron) being 0.2 V. 


§4. Discussion 
Nat and K+ 

The first excited state of Nat, °P°:, lies 
32.85eV* above the ground state of the ion, 
1S), and there are no levels between these 
states. The I. E. curve for Nat is linear 
over a range of 1.5eV, and deviates from the 
straight line above the range. Therefore, the 
result obtained indicates that the ionization 
follows the linear law for Nat up to 1.5eV 
above the threshold. 

The first excited state of Kt, *P°:, lies 
20.15eV above the ground state of the ion, 
1S, and there are no levels between these 
states. 

The I. E. curve for K+ is linear over a 
range of 0.8eV, and deviates from the 
straight line above the range. Therefore, the 
result obtained indicates that the ionization 
follows the linear law for K+ up to 0.8eV 
above the threshold. 

The position of *P° state is indicated by 
an arrow in Fig. 3, but it is difficult to explain 
the occurrence of the second maximum only 
by the existence of this state. The energy 
difference between the initial onsets of Nat 
and K+ is measured as 0.75+0.05eV which 
agree with spectroscopic value of 0.799 eV. 


Na*t and K++ 


oe The values of energy states in this paper were 
cited from “Atomic Energy Levels”, National 
Bureau of Standard, Circ. 467, No. 1. 
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or Root 


Ion Current 


40 50 60 70 
Electron Energy (eV) uncorrected 
Fig. 6. I. E. curves and their square root plots 
for Nat+ and Ktr., 


(arbitrary units) 


Current 


Ton 


A of ae 
Secss 0 Slee tae Homies 25 
Electron Energy (eV) uncorrected 
Fig. 7. I. E. curve for Mgt near the thresholb 
Curve a is the residual obtained by subtracting 
the linear part from the J. E. curve. 


The first excited state of Natt is *Si2 which 
lies 32.83eV above the ground state ?P°s;2, 
and no levels are known between them. The 
I. E. curves for Nat+ bend upward near the 
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threshold. When the square roots of the ion 
currents of Nat+ are plotted, the points plotted 
lie on a straight line as seen in Fig. 6, and 
the line intersects the energy axis nearly at 
the initial onset of the I. E. curve. There- 
fore, it can be said that the square law is 
applicable to Nat+ up to about 20eV above 
the threshold. 

The circumstance is quite the same of Kt+. 
The first excited state ?Si/2 lies 16.19 eV above 
the ground state ?P°:;2. The square root plots 
again fit a straight line, and the line inter- 
sects the energy axis nearly at the initial 
onset of the I. E. curves. Hence, it can be 
said that the square law is also applicable to 
K++ up to about 15eV above the threshold. 

The energy difference between two inter- 
sections is 15.5+1leV, which agrees with 
difference of the second ionization potential 
between Na and K. 

Mgt 

The I. E. cvrve for Mgt is quite different 
from Nat and Kt as seen in Fig. 7. The 
characteristic shape of the curve did not 
change in several measurements changing 
the operating conditions of the ion source. 
The measurement was made for **Mg, and 
background of the mass spectra were not 
found at M/e=24. The curve is linear up to 
9eV and has two humps, at about 1leV and 
14eV, and again becomes linear. The ex- 
tension of the first linear part agrees with or 
lies a little above the upper linear part. The 
residual part of the I. E. curve by subtracting 
the lower linear part is shown in Fig. 7a. 

Such a shape of I. E. curve as in Mgt have 
been observed in Zn*, Cd+ and Hgt™ by 
Hickam’? and Cut, Agt, and Aut by Blais 
et al’. Those curves had one hump or two 
in them, which are explained by autoioniza- 
tion.* Though Blais et al correlated the 
humps to groups of excited levels, Hickam 
could not correlate the humps to known ex- 
cited levels completely, because knowledge 
for excited state, especially optically forbidden 
state, were insufficient. 

The ionization potential for Mg* is 7.644 eV, 
and the ground states is 1s? 2s? 2p* 3s °Siz. 
Theexcited states, Sp *P° 45S) 3a Dee. 


* Autoionization is the ionization caused by 
radiationless transition to an ionic state from an 
excited state of atom which lies above ionization 
limit. 
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are shown by arrows in Fig. 7. In addition, 
excited states of neutral atom, 3p 3d 'F° and 
3p 3d *D° lie 2.36eV and 2.71eV above the | 
ionization limit, respectively. These states | 
are shown by stars in Fig. 7. Such humps 
as in Fig. 7 seem not to be caused by direct 
ionization, but by autoionization. The curve | 
in Fig. 7a can be devided into two parts 
which rise at 2.3+0.leV and 5.0+0.2eV | 
above the initial onset. The first hump may | 
correspond to 1F° and *D® states, though any | 
excited states to be correlated to the second | 
hump is not known. 

Autoionization processes are also observed | 
in the previous study on N2t+ and COt®, but | 
the processes in Mg are much prominent. 
So prominent are they that the breaks which 
would be observed in the I. E. curve corre- 
sponding to the ionic excitation are masked. 
The rising part of curve in Fig. 7a is 
approximately proportional to the square root | 
of electron energy, as in Net and CO*, but | 
the curve descends steeply after reaching the 
maximum. In order to explain the I. E. 
curve for Mg* completely, the knowledge for 
presence of excited states and for excitation 
probability is necessary. It is proved, how- 
ever, that the linear law is applicable to Mgt 
up to 2eV above the threshold. 
Mgt+ 

The I. E. curve for Mgt+ rises steeply from 
the threshold and tends to saturate and then 


10,20. 30 ,40 50 60 701180 850 
Electron Energy (eV) uncorrected 


Fig. 8. I. E. curve for Mg++. Curve a is the 
square root plot. Dotted line is a parabola con- 
necting threshold and upper part of the I. E. 
curve. Curve b is the residual obtained by 
subtracting the parabola from the I. E. curve. 
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rises again steeply. Background of mass 
spectra at M/e=12 where Mgt+ ion appears 
was too small to be considered. The energy 
difference between the initial onset of Mgt+ 
and Ne** measured as referring ion is 1.8-40.2 
eV, which is a little higher than spectroscopic 
value of 1.l1leV. The difference between the 
I. E. curves for Mg++ and Net, however, is 
quite remarkable as seen in Fig. 4. Hence, 
the shape of Mg++ is not instrumental but 
substantial. 

The ionization potential for Mgt+ is 22.67 
eV, and the ground state of the ion is 1s? 
2s? 2p* 'So. The first excited state 2p> 3s 
2P°s72 lies 52.8eV above the ground state and 
there are no levels between them. Such a 
shape of I. E. curve cannot be observed in 
direct ionization process. A possible specula- 
tion is that autoionization caused by excitation 
of inner shell electrons may occur near the 
threshold, and the probability of the autoioni- 
zation exceeds that of direct ionization. The 
square root of ion current of Mg++ is plotted 
in Fig. 8. The extension of upper linear 
part intersects the energy axis just at ora 
little above the initial onset of the I. E. 
curves. If the initial onset and upper part 
of the I. E. curve are connected by a parabola, 
which is subtracted from the I. E. curve, then 
the residual curve becomes as shown in Fig. 
8b, which resembles the curve in Fig. 7a. 
Therefore, the speculation described above 
may not be so groundless. 


§5. Conclusion 


In the study on Na, K and Mg by the use 
of monoenergetic electron, the following con- 
clusions are derived. 

Na* and Kt follow the linear law up to 1.5 
eV and 0.8eV above the thresholds, respec- 
tively. Though Mg* follows the linear law 
up to 2eV above the threshold, it has two 
humps beyond the region. The humps are 
attributed to autoionization, and the proba- 
bilities are relatively large compared with 
that of direct ionization. Na*t+ and Kt* follow 
the square law up to about 20eV and l5eV 
above the threshold. Mgt+t, however, con- 
trary to expectation, is not so simple. 

It was At only that does not follow the 
linear law in the seven ions which have been 
measured by the author. Also there are few 
exceptions in the studies by the other inves- 
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tigators. Consequently, it can be said that 
the linear law is applicabe to almost single 
ionization. On the contrary, though the square 
law was proved to be applicable to Het+ by 
Hickam et al!) and to Natt and K++ in this 
study, there are some exceptions for double 
ionization. 

Fox pointed out the possibility of Auger 
transition due to ionization of an inner shell 
electron. It is also suggested in this study 
that the autoionization due to excitation of 
the inner shell electron may occur in Mgtt. 
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Recovery behaviors of lattice expansion and optical absorption of neutron- 
irradiated LiF crystals have been measured as a function of annealing 
temperature. Remarkable correspondence between the two properties leads 
an interpretation of steps or humps and reduction in recovery curves of 
lattice constant respectively by formation of colloidal centers which are 
probably coagulations of vacancies and recombination of vacancies and 


interstitials. 


Optical microscopic observations reveal the fact that the square cavities, 
considered to be coagulations of vacancies remaining after displacement 
of atoms by neutron irradiation, preferentially formed on dislocation lines, 
along which F, gas escapes from the crystals. 

It is suggested that the colloidal centers are formed by clustering of 
point defects and some of them, which probably consist of vacancies, 
grow to square cavities during heat treatment. 


Introduction 


Differing from typical alkali halides, LiF is 
known as a marked material because of its 
particular properties which may be due partly 
to the small ionic radius of Li. Not only 
does this situation remain the same when LiF 
is taken up for the study of radiation damage 
but also in this case a complexity which fol- 
lows the (v,a@) reaction of Li® comes into 
consideration and as the result, various 
interesting phenomena can be seen in ir- 
radiated LiF. These circumstances show 
that the phenomena seen in irradiated LiF 
can not always be generalized to similarly 
irradiated other ionic crystals. This is 
a rather undesirable circumstance. From 
another point of view, however, by generating 
tremendous lattice defects, the (7, a) reaction 
economizes neutrons to be incident upon the 
crystal to produce damaging effects, which 
makes LiF to be convenient for the study of 
radiation effects when the particularity is 
properly taken into account. In fact several 
papers have dealt with this subject. Among 
them studies on the expansion‘) and _ post- 
annealing cavity formation of neutron- 
irradiated LiF crystals®-®) and optical absorp- 
tion induced by the ionizing radiations?-!” 
are remarkable and a general feature of 
neutron-irradiation effects on LiF including 
mechanical property change has been well 
shown by Gilman and Johnston®. 


2294 


. 


The present paper includes the changes of | 
the lattice constant and optical absorption of 
neutron-irradiated LiF crystals during anneal- 
ing, which have been preliminarily reported!®, 
and the steps in the recovery curves of lattice 
constant have been interpreted as being 
caused by the coagulations of vacancies or 
interstitials which are accompanied by the 
colloidal bands. In addition, preferential | 
formation of square cavities along the disloca- 
tion lines during high temperature annealing 
observed in the neutron-irradiated LiF crystal 
is also reported. 
Part 1: if 
1.1 Radiation induced optical absorption of | 

LiF crystals 

The optical absorption bands of LiF induced 
by the ionizing radiations have been thoroughly 
investigated”-1”. But the absorption centers | 
are still unknown at present except the F- | 
center and the identification of the absorption | 
bands of LiF is not established. This cir- | 
cumstance may be due to the particular na- 
ture of LiF, that is, the absorption bands |} 
arise in the shorter wave-length region with 
more stablility at room temperature than 
other ionic crystals. In spite of the above 
difficulty Penneman and Powers®) have pro- 


posed the following classification: 
Peak 

wavelength 222 250 313 340 380 450 518 620 
(in mp) 


PO RNS, Wp, ShyeOng aaa 
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Although these do not form a complete 
whole, the proposals are very useful. In the 
following, this classification is applied with 
the additional bands: 518my- and 540 mp- 
bands corresponding to M: and N: respectively, 
and a few absorption bands in the near infra- 
red region which have been observed by the 
present author when the irradiation was 
sufficient to make the visible region completely 
opaque. 


Table I. The radiation induced 
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optical absorption in LiF crystals. 
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Irradiations of LiF specimens, which were 
cleaved from a single crystal obtained from 
the Harshaw Chemical Co., have been made 
in JRR-1 (water boiler type reactor) in some 
instances and in the 10kc Co® ;-irradiation 
facility in other instances. The temperature 
of the specimen during irradiation is assumed 
not to exceed the ambient temperature on 
the average (<50°C). 

The absorption bands induced by irradiations 


Radiation source | Radiation dose 


Absorption bands 


Cos 3x 1559 F 
1x108r | F M 
6X 106 r | ohh ke) men 
1x108r | -E 5M. eiRy Rs, Ne 
Reactor 5x 1013 nvt F M 
1x 104 nvt PQ Me Bi Stes) 
3x 1015 nvt F M Ry R2 N2 
1.5x 1016 nvt 795 mp Absorption limit=560 mp 
5x 1016 nvt 795 my =570 mz 
1x 1017 nvt 795 mp 960 mp =620 mp 
2x 1017 nvt 795 mp =650 my 
3.51017 nvt 1400 mp =700 mp 
20 : absorbed and makes an opaque region. Letting 
Cae the longest wavelength of the continuous 
di Spi a F absorption spectrum with optical densities 
zee Me M above 2.0 be called the absorption limit, the 


Optical Density 


0.0! = 108 
y-lrradiation Dose (r) 


Q” 10° 


Fig. 1. Variation of the optical absorption bands 
of LiF crystal with the successive ;-irradiation. 


are shown in Table I and the growth of each 
absorption band during successive y-irradia- 
tion is seen in Fig. 1. 

As seen in Fig. 1, the optical density of 
the each absorption band increases mono- 
tonously with successive irradiation until it 
exceeds the measurable range of the instru- 
ment. When the dose is sufficiently high the 
absorption bands superpose each other and as 
the result the continuous spectrum from 
ultra-violet to red appears to be almost 


absorption limit varies to longer wavelengths 
with increasing neutron-irradiation, aS is 
shown in Table I. 
1.2 Changes in optical absorption of irradiated 
LiF crystal by heat treatment 

As the knowledge of the structure of the 
absorption bands in the opaque region was 
required, the irradiated specimens were 
heated and the changes of the optical absorp- 
tion have been measured in the present 
experiment. Although this method does not 
directly make the process of the radiation 
damage clear but rather gives the knowledge 
of the defect coagulation by heat treatment, 
the wide knowledge of this kind over various 
radiation doses will at least qualitatively give 
information on the mechanism of radiation 
damage together with its recovery behavior. 

The heat treatment has been carried out 
mainly by means of a constant pulst anneal- 
ing at the successively higher temperatures 
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eet esos common'knowledge of recovery process. The 
M-band and a colloidal band near F-band are 
i confirmed during the thermal bleaching. 
| After the absorptions have bleached out 
; another broad absorption spectrum grows in 
ary /20re the range (iii). 

380°C The radiation dose dependence of the above 
-300°C described general: feature of the change in | 
350°C absorption is not so clearly seen so far as 
the dose is sufficiently high to make the 
opaque region. But the reversal temperature, 
at which the absorption limit reverses and 
the common recovery begins as described, 


poaraaan 


On (OTS a0 


Wavelength ( ) 
. becomes low with increasing radiation dose || 
under the same annealing condition, as shown 
aM in Table II. 
= As to the annealing condition, the shorter 
a the succession interval in temperature and the 
ieee: d50°C longer the pulse period, the reversal occurs 
is i ee at the lower temperatures. 
Livy eae It is considered that the reversal occurs 
a ee when the increase of the absorption centers, 
00'500 390 400 500 600 700 800 900 Specimen Cs :0.800mm 
Waveleng!h(me) ee 102 xlo"r 
Fig. 2. Change in the optical absorption of LiF F 
specimen, the cleaved wafer of 0.5mm in thick- ae 
ness irradiated up to 21717 nvt, with successive a Prord 
annealing at the temperatures from 150°C to 5 naa 
to 800°C. (i) from room temperature up to 39} 
280°C, (ii) from 300°C up to 530°C, (iii) from & 
550°C up to 800°C. 
0.5] 
Table IJ. Variation of reversal temperature with MN —— Bisa 
radiation dose. ? ee ee BITE 
pee ; = ¥ oo 150 200 Bo 300 350 400 
Caaitcon ot") eaciavionl Nye a a 
annealing dose (nvt) (°C) Fig. 3. Variation of optical absorption bands with 
=~ a er. : : successive annealing in the specimen irradiated 
10°C interval | 3.5x101" 260 by y-rays up to 1.02x107r. 
10min. pulse | 251017 | 973 
1x10 | 280 Een Cx -0.750nm 
a = a5 =} -” a5 ZOE => 
20°C interval 2.51017 290 
D min. pulse 1.5x 1017 | 330 : 


from 150°C up to 800°C. The change in the 
absorption of 210!7 nvt irradiated specimens, 
a cleaved wafer of 0.5mm thickness, is il- 
lustrated in Fig. 2. There are three tempera- , 
ture ranges characterized by the recovery Le Ps IY 


behavior as shown by (i), (ii) and (iii). In eo ee ii TS ins ae 
the range (i) the absorption limit moves to- Annealing Temperature (°C) 

ward longer wavelengths and in the range fig. 4. Variation of optical absorption bands with 
(ii) the absorption limit comes back toward successive annealing in the specimen irradiated 


shorter wavelengths as is expected from the by y-rays up to 4.1x107r. 
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Fig. 5. Variation of optical absorption bands with 
successive annealing in the specimen irradiated 
by y-rays up to 1.02x108r. 


Fig. 8. Variation of optical absorption bands with 
successive annealing in the specimen irradiated 
by neutrons up to 1.51017 nvt. 
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Fig. 7. Variation of optical absorption bands with successive annealing in the specimen irradiated 
by neutrons up to 3X10! nvt. 
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Fig. 11. Variation of optical absorption bands with 
successive annealing in the specimen irradiated 
y neutrons up to 3.51017 nvt. 


which may be some coagulation of the defects 
in the crystal lattice, and the thermic trans- 
formation of the centers are in a state of 
equilibrium. Then the reversal must closely 
relate with some absorption band which is 
thermally produced. 

Some of the thermally produced absorption 
bands are seen in the range (ii). When the 
M-band appears on the heat treatment at 
about 380°C it accompanies another absorp- 
tion band at 430my. The other absorption 
maximum is found at about 270my. This 
band is known as a colloidal band which has 
been suggested to have some connection with 
the F-band. 

Since the formation of the colloidal band 
appears to depend on the concentrations of 
the defects the measurements have been 
made for several specimens of various radia- 
tion doses under the same heating conditions. 
The results are shown in Figs. 3 to 11 which 
illustrate the behaviors of all the optical ab- 
sorption bands existing in the temperature 
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range. In these results, four more bands, 
which have been paid little attention, are 
newly found in the wavelengths at 223, 480, | 
520 (Ni) and 640 my, together with a doublet | 
structure existing in 270 and 223 my-bands, 
the 270mp-bands, is composed of 260 and | 
280 my-bands and the 223 my-band is composed | 
of 218 and 228 my-bands, which is confirmed | 
by isothermal annealings. The important | 
absorption bands will be discussed later. 


1.3 Change in lattice constant of irradiated — 
LiF crystals by heat treatment 
The lattice constants of the same specimens | 
were measured by X-ray diffraction after | 
each optical absorption measurement, and the 
recovery curves have been obtained for lattice 
expansion induced by neutron irradiations. 
The Figs. 12 and 13 illustrate the data for 
the specimens irradiated to 1x10'nvt and 
2107 nvt respectively. A few steps or 
humps, positively exceeding the experimental 
error, can be seen in these curves. The 
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Fig. 12. Variation of lattice constant of LiF crystal 
irradiated by neutrons up to 1x10!?nvt with 
successive annealing. 
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values at room temperature and 150°C indicate 
that there may be an additional small increase 
below 150°C. The increments depend on the 
specimen. As for the specimen 2X10!’ nvt 
irradiated, the lattice constant decreases from 
150°C, and the decrease is interrupted at about 
190°C, 300°C and 380°C before the smallest 
value of lattice constant is reached at about 
440°C. The smooth steps, which sometimes 
grow to humps, begin at the temperatures. 
After keeping the smallest value for some- 
while, the lattice constant again increases at 
about 500°C. 

It is noted that the steps, with the excep- 
tion of the last increase, scarcely exceed the 
experimental error when the specimens are 
irradiated to 1x10'7nvt as seen in Fig. 12, 
in which the total extent of recovery is much 
smaller than what is illustrated in Fig. 13. 

The 10° r y-irradiated specimen, which has 
been subjected to the same treatment, shows 
no recovery, namely, the variation of the 
measured values of the lattice constant was 
completely within the experimental error 
throughout the temperature range of anneal- 
ing. But this result is not important since 
10° r 7-irradiation is equivalent to 3x10 nvt 
reactor irradiation for optical absorption pro- 
duction according to Table I, and this radia- 
tion dose is considered to be too low to cause 
a detectable lattice expansion, apart from the 
intrinsic difference between the radiations. 


1.4 Discussion on the experimental results 

It is interesting to compare the results 
obtained from the optical and X-ray measure- 
ments. One can find the following corre- 
spondence between these recovery behaviors: 
The first step on the curve of lattice constant 
vs. annealing temperature begins at about 
190°C and ends at 270°C where the reversal 
of optical absorption limit occurs, that is to 
say, the region (i) is over and (ii) begins. 
The second step ceases at about 360°C where 
the 430my-band is to have a maximum 
density. The third step at about 380°C simi- 
larly corresponds to the production of the 
270 mp-band. The last step rises where the 
region (ii) is over and (iii) begins. The ab- 
sorption in the region (iii) shows that the 
crystals get turbid gradually still after the 
lattice constant reached the final value, and 
this state is related to cavity formation as 
will be seen later. The rise of 760 my-band, 
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which transfered from 795 my with elevating 
annealing temperature and becomes maximum 
at about 185°C as can be seen from Figs. 8 
to 10, corresponds to the preceding small 
increase below 150°C. In conclusion all the 
steps on the recovery curve of lattice constant 
correspond to the formation of colloidal bands 
with the exception that the step at 190°C 
corresponds to the reversal of the absorption 
limit, which has been named for convenience 
and the true character is now demanded to 
be revealed. 


Fig. 7, with the aid of Fig. 5, introduced 
the behavior of N-bands in range between 
150°C and 300°C. This behavior indicates 
that the reversal occurs at the point where 
density of the N-band becomes a maximum. 
Since no other absorption bands are found to 
behave as the N-bands, the absorption limit 
probably represents the longer wavelength 
part of the N2-band until 430 my- and M-bands 
become dominant. 

Now after the reversal has been identified 
with the N-bands, the above conclusion has 
no more exception and all the steps can be 
associated with the colloidal bands. This 
means that the decrease in the optical density 
of the colloidal bands during heat treatment 
is mainly due to the transformation of the 
colloidal centers because there should not be 
a volume change, which is seen in the re- 
covery curves of lattice constant, if it is due 
to the thermal release of trapped electrons or 
holes. It is almost certain that the colloidal 
centers consist of clustered vacancies or 
interstitials and act to expand the crystal 
lattice, whereas the recombination of vacancies 
and interstitials reduces the lattice constant, 
although the structure and mode of the trans- 
formation of each colloidal center are un- 
known and whether recombination takes 
place between single vacancy and single 
interstitial or between clustered ones is also 
an open question. 

It is worthwhile here to mention each 
absorption band since it may give a key to 
the problem of the absorption centers. 

When a colored LiF crystal is exposed to 
UV light containing F-light at room tempera- 
ture, the F-band bleaches and the M-band 
rises a little. The R:- and R2-bands decrease 
also, keeping a nearly constant ratio, and 
the Ns-band slowly reduces. In the case the 


2300 


specimen has the 270myp-band, this band 
decreases after an initial small increase witha 
shift to longer wavelengths. This phenomenon 
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Fig. 14. Transformation of the F-band of LiF to 
218 and 228 my-bands by the isothermal anneal- 
ings. (a) after annealing at 210°C for 40 min. 
(b;) after further annealing at 240°C for 6 min. 
(be) ditto for 12min. (bs) ditto for 20min. (by) 
ditto for 28min. (c;) after further annealing at 


270°C for 6min. (cy) ditto for 12min. (cs) ditto 
for 20min. (cy) ditto for 35min. (d;) after 
further annealing at 300°C for 7 min. (ds) ditto 


for 20 min. 
for 6 min. 


(e) after further annealing at 330°C 
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can be understood to be optical bleaching of 
260 my-band since the 270my-band is com- 


posed of 260 and 280 my-bands, to be consist- 

who | 
reported that 280 and 222my-bands were | 
found in a specimen having the 270 my-band | 


ent with the result of Pringsheim’” 


after exposure to UV-light. These facts 
mean that at least the 260 my-band is not 
due to Mie’s scattering of light by colloidal 


Li particles because the UV-radiation can not | 


alter the size, shape and concentration of 
the particles which determine Mie’s scatter- 
ing and colloid band. 


fects, may be vacancies, and the 280 myv-band 


must be attributed to a more complex center | 


since the heavier the irradiation, the closer 
to 280 my the so-called 270my-band is and 
the 280 my-band survives to higher tempera- 
tures than the 260my-band during thermal 
annealing. A similar circumstance to the 
latter is seen in the 223my-band which is 
composed of 218 and 228 myp-bands (see Fig. 
14). There is little knowledge of these bands 
except the F-center concentration dependence, 
namely these are produced in a rather F- 
center poor specimen while the 270 my-band 
is easily produced in an F-center rich speci- 
men. 


The experiment of isothermal annealing from 
170 to 220°C shows that the annealing kinetics 
of the F-band is of the first order with the 
activation energy of 0.48 ev in this tempera- 
ture range. The experiment of successive 
isothermal annealing above 270°C, however, 
shows that the process here is of the second 
order and the activation energies of anneal- 
ing are 0.80 ev from 270 to 350°C and 1.21 ev 
from 310 to 360°C. These results do not at 
all contradict each other because there are at 
least two considerable annealing mechanisms 
of F-center, namely one is thermal release 
of a trapped electron from F-center and the 
other is recombination of an interstitial and 
a vacancy, a constituent of F-center, through 
diffusion process. The former takes place 
from low temperature but the latter occurs 
at rather high temperatures. The activation 
energy of annealing of F-band as a function 
of the temperature will reveal the transition 
between these processes. This experiment is 
in progress. 

The isothermal annealing of the 270 mp- 


The 260 my-band, | 
which appears*to follow some clustered de- | 
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band was also carried out but the result 
showed that this annealing process was com- 
plicated with an activation energy of a few 
ev. Further precise experiments are de- 
manded to understand the colloidal centers. 

Attention must be given to M- and 430 
my-band. The M-band is not bleached by 
exposure to M-light at room temperature. 
On the successive pulse annealing the M/-band 
bleaches at about 450-470°C and small 480 
my-band follows this final stage. The 430 
my-band appears to be formed at about 250°C 
and survives to 460°C. The 430 my-band 
becomes dominant with increasing radiation 
dose. 

Since all the absorption centers, except F- 
center, of LiF are unknown and the present 
knowledge of colloidal bands are far from 
satisfaction, LiF may provide good knowledge 
of colloidal centers. 


lee 


2.1 Formation of square cavities 

Square cavities, parallelepipeds with the 
faces parallel to (100), have been known to 
be produced in a _ neutron-irradiated LiF 


Photo. 2. Thin cavities growing in (110) cut and 
ground specimen. Focal plane is parallel to 
(110). 


iit — ae _. 
Photo. 1. Rectangular cavities produced in neutron- 


irradiated LiF crystals after annealing. A few — 
complexes, showing a way of growing of Photo. 3. Isolated cavities in sub-grain, making 


cavities, are found, series on 3-dimensional lines. 
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Photo. 8. Sub-grains in a single crystal of LiF 
revealed by cavities. Bright parts of the pic- 
ture are sub-boundaries in which cavities scatter 
light in dark field of microscope and make the 
parts bright. 


7 
ye 
y 


Photo. 9. 
on a sub-boundary. 
for about 30 mp. 


Dense arrangements of dislocation lines 
Focal plane was changed 
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Photo. 10. Various dislocation lines on a _ sub- 
boundary laying parallel to close cleaved surface. 


The short dislocation lines including 
small loops, produced by irradiation, several 
microns in length and orienting in random direc- 
tion, 
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Photo. 12. cavities 


Small 
which are connected by faint lines one another. 


loop decorated by 


crystal by high temperature annealing. 
Senio> has observed that the size of the 
cavities is a function of temperature and 
period of annealing, and Gilman and Johnston® 
have reported that the cavities were densely 
produced near cracks and subboundaries. 

In the present experiment, optical micro- 
scopic observations were carried out after 
each annealing with Leitz’ Panphoto with 
phase-contrast condenser. The observed 
specimens had a pair of planes cut parallel to 
(110) in some instances and (100) cleaved 
planes in other instances and were so placed 
as these planes were perpendicular to the 
optical axis of microscope. The transmission 
method permits one to observe throughout 
the specimen when the magnification of the 
objective lens is not large. Nothing has been 
observed after annealing below 450°C, but 
some scatterers of light are found in the 
dark field after 450°C annealing. These 
scatterers increase in number and are clearly 
observed after 500°C annealing. The rec- 
tangular shapes of cross section of the cavity, 
framed with diffraction color, can be recog- 
nized after 550°C annealing, and after that 
the cavities increase both in number and in 
size. This fact agrees with Senio’s results. 
The framing diffraction color varies according 
to the thickness of the cavity, and disappears 
when the cavity becomes sufficiently large, 
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say an order of ten microns. The cross 
sections of the cavities are, in general, rec- 
tangles or complexes of rectangles, which 
means the cavities are parallelepipeds or the 
complexes surrounded by three pairs of planes 
parallel to basic lattice planes. The ap- 
pearance of complexes reveals the way of 
cavity growing (Photo. 1). Extreme shapes 
of the cavities are found as thin rods parallel 
to [100] and thin platelets. 

The distribution of the cavities of various 
shapes appears to be ruled by something. 
For example, the cavities found at a place 
close to outer surface of the specimen are 
often thin rods. Many cavities in the forms 
of thin rods and platelets are also observed 
in an specimen with (110) cut planes which 
were ground and polished before irradiation 
(Photo. 2). These examples suggest that the 
formation of the cavities is influenced by 
some stresses and has some connection with 
dislocations. In addition, assemblies of similar 
long rectangular cross sections oriented in 
the same direction are seen near the sub- 
boundary. They are so crowded that the 
sub-grain is surrounded by walls which consist 
of the cavities. In sub-grains, on the other 
hand, cavities exist isolatedly and some of 
them make a series along some lines which 
are concluded to be dislocation lines (Photo. 3). 
Thus nearly all the observed results show 
that the cavity formation is related with dis- 
location lines, especially the series of cavities 
along dislocation lines suggest that the cavi- 
ties are formed preferentially on dislocation 
lines. This suggestion has been confirmed 
by the proper annealing experiment, which is 
shown in the following. 


2.2 Observation of dislocation lines 
Annealing of a rather short period at about 
700°C provides observability of dislocation 
lines in neutron-irradiated LiF crystals. The 
cavities are small and lie closely with one 
another on dislocation lines. In other words, 
cavities decorate dislocation lines. Thus 
various dislocation lines have been observed?” 
inculding dislocation networks (Photo. 4). It 
is easily seen that the above described isolated 
cavities in a sub-grain correspond to disloca- 
tion lines which are sparsely located in the 
sub-grain. Similarly the dense arrangement 
of cavities near a crack are understood to be 
a formation of cavities on a dislocation net- 
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work which exists near the crack as Photo. 
5 to 7 (also Photo. 6 in the previous short 
note®)) shows. As to crowded cavities near 
‘sub-boundaries, proper annealing has exposed 
the topography of sub-grains in the crystal 
(Photo. 8) and further each dislocation line in 
the dense arrangement on _ sub-boundaries 
(Photo. 9 and 10). Thus one can see a re- 
ssemblance between assemblies of thin roddy 
cavities of the same orientation and groups 
of parallel dislocation lines, especially those 
‘parallel to [100], on sub-boundary. 

It is concluded that the cavities are pre- 
ferentially formed on dislocation lines, and 
this gives a rule in cavity formation. At 
“present, however, there is little reliable 
‘knowledge of the dislocation lines on which 
-cavities are formed. Many possibilities of 
‘the introduction of these dislocation lines in 
addition to the pre-existing ones can be con- 
‘sidered, namely, some external stress, inter- 
nal stress caused by irradiation or by quench- 
‘ing between successive annealing, etc. It is 
generally difficult to infer the course of the 
-dislocation lines from only the observation in 
this way. But there are specific dislocation 
‘lines which are probably produced by irradia- 
‘tion. These are short lines of 3-dimensional 
random orientation and small loops observed 
-in crystals irradiated to more than 210" nvt 
(Photo. 11). The radiation dose dependence 
‘of this kind of dislocation clearly shows the 
dislocations are caused by irradiation. The 
cavities on the small loops are found to be 
connected with very faint lines one another 
(Photo. 12), the average loop diameter being 
-a few microns and the average length of the 
dislocation lines in the random direction be- 
‘ing nearly equal to the range of a-particles 
with 2.1Mev in LiF crystal which is 6.1 
microns. It may go too far to say but it 
‘seems very likely that small dislocation lines 
of this kind represent tracks of a-particles 
and the following knocked-on atoms and each 
cavity has grown smaller dislocation loops 
produced by displacement spikes or collapse 
-of vacancy clusters which were formed 
during irradiation. 


2.3 Mechanism of the cavity formation 

It has been well known that cavities are 
produced in neutron-irradiated LiF crystals 
by heat treatment. Whapham and Makin® 
have shown similar square cavities on the 
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surface of a LiF crystal irradiated with 1MeV 
electrons along [110]. In contrast with those 
cases no square cavity was found in the ;- 
irradiated LiF crystal after any annealing. 
These facts assert that the cavity formation 
is related with displacement of atoms caused 
by particle irradiation. It is natural here to 
consider the cavities to be condensation of 
vacancies produced by the displacement of 
atoms. Although the determination of the 
material which fills the cavities is an open 
question, high saturation of colors emerged 
by interference of light reflected from two 
parallel planes of the cavities shows that 
refractive index of the material is about l, 
and uniformity of the color over the area of 
rectangular cross section of cavities which 
are generated in the inner part of the crystal 
and the non-existence of strains around 
the cavities show the low pressure of the 
material in the cavities. Probable answers 
of this question are given by vacuum, dilute 
fluorine or helium gas. As to fluorine gas, 
Guinier?” has confirmed F: gas of rather 
high pressure after neutron-irradiation in a 
container which was evacuated and sealed 
prior to the irradiation, and Ring et al.” 
have ascertained F2 gas, by nuclear magnetic 
resonances, together with the existence of 
colloidal Li matal. Then one can see the 
diffusion of displaced F-atom and the resulting 
Fe gas in the crystal and the escape from 
the crystal, during irradiation and annealing. 
It is possible that F. gas fills the cavities 
which have been formed by condensation of 
vacansies remaining after displacement of 
atoms. The same is possible for the He gas 
which is produced by (”,@) reaction of Li® 
though there is no confirmation of the gas. 
In addition to the rectangular cavities in 
crystals, large rectangular cavities with 
round corners are found near the outer 
surface of the crystal after annealing at high 
temperature near melting point and bubbles 
of irregular shape are observed on the outer 
surface. The arrangements are quite similar 
to those of the cavities described previously, 
that is, the dense distribution at a place 
where many dislocation lines possibly exist. 
On the basis of the etch pits produced during 
heat treatment on the scar lines of grinding, 
these bubbles are suggested to consist of 
escaping F2 gas probably along dislocation 


2306 


lines. 

In conclusion, dislocation lines must play 
an important role in cavity formation or F: 
gas escape, giving locations of condensation or 
ways of diffusion respectively. The confirma- 
tion of these matters appears to be beyond 
optical microscopic research. ' 


Summary 

Lattice parameter recovery of neutron- 
irradiated LiF crystals during thermal anneal- 
ing has been made to correspond to the 
optical absorption change under the same 
conditions. As the result, steps or humps in 
in the recovery curves are interpreted as an 
equibrium of the formation and the reduction, 
which is effected by recombination of vacancies 
and interstitials, of colloidal centers. 

Several colloidal bands are observed to 
be produced during irradiation and during 
an nealing. The production of these bands 
which depends on the radiation dose must be 
an attribute of some coagulation of several 
vacancies which are produced by irradiation. 

On the other hand, cavities microscopically 
observed in neutron-irradiated LiF crystals 
after annealing at high temperature are 
found to have been formed preferentially on 
dislocation lines. Then various dislocation 
lines can be observed by cavity decoration. 
The cavities are considered to be coagulated 
vacancies which remain after displaced atoms. 

Thus both the colloidal center and the cavity 
appear to have the constitution of vacancies. 
However, it might be unreasonble here to 
consider the two from the same viewpoint 
since there is a great gap in size between the 
two. The investigation of the coagulation of 
vacancies of intermediate size is beyond the 
limit of optical research. One of the promis- 
ing methods for this purpose is an X-ray small 
angle scattering by which Guinier and Lambert?’ 
have made studies of neutron-irradiated LiF 
crystals. They have determined the size and 
number of X-ray scatterers growing during 
annealing after irradiation. One can see that 
the formation and recovery of colloidal centers 
and cavities described in the present paper 
qualitatively agree with their data. This 
means that X-ray scatterers coincide with 
colloidal centers and cavities in the cases of 
annealing at rather low and high temperatures 
respectively. It is suggested then that X-ray 
scatterers originate as colloidal centers which 
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are known to have close relation with disloca~ | 
tions and grow to cavities. 

Further investigations are required before: 
conclusive confirmation can be offered on the: 
mechanism of radiation effect and its recovery. 
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The flow of viscous fluid in a two-dimensional rectangular cavity has 


been studied. 
plane walls, 
moving in its own plane. 


It is assumed that the cavity is bounded by three rigid 
on which the fluid velocity is zero, and by a flat plate 
For the ratio of the lengths of sides of rectan- 
gular cross section, three cases have been chosen: 
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Reynolds number of the flow is varied as 0, 1, 2, 4, 8, 16, 32, 64, 128. 
For these cases, the Navier-Stokes equations have been numerically inte- 


grated with the aid of high-speed electronic digital computers. 


lines, equi-vorticity lines, 


shown in figures. 


Stream- 


and isobaric lines for some typical cases are 
Velocity distributions along the centre line and pres- 


sure distributions over the both side walls are also shown. 


$1. Introduction 

It is well known that the flow of viscous 
fluid can be treated successfully with the 
Navier-Stokes equations. However, owing to 
the mathematical difficulty inherent in the 
monlinear character of the equations, only 
a few exact solutions, either analytical or 
numerical, have been obtained. Recently, the 
labour of numerical integration of partial 
differential equations has been greatly reduced 
-due to the remarkable progress of high-speed 
electronic computers. Now it becomes possi- 
‘ble to work out numerically the exact solu- 
tions of the Navier-Stokes equations for 
significant cases, which will be useful to 
elucidate the general feature of these equa- 
tions. 

In this paper, the flow of viscous fluid in 
-a two-dimensional rectangular cavity has been 
‘studied. It is assumed that the cavity is 
‘bounded by three rigid plane walls, on which 
tthe fluid velocity is zero, and by a flat plate 
‘moving in its own plane. For the ratio of 
the lengths of sides of rectangular cross 
section, three cases have been chosen: 2:1, 
1:1, 1:2. The Reynolds number of the flow 
is varied as 0 (Stokes’ solution), 1, 2, 4, 8, 16, 
32, 64, 128. For these cases, the Navier- 
Stokes equations have been numerically inte- 
grated with the aid of high-speed electronic 
digital computers. 


§2. Problem 
We study the steady flow of a viscous fluid 
in a two-dimensional cavity of which cross 


section is ABCD (cf. Fig. 1. a) and the lengths 
of AD and AB are a and 3, respectively. 
We consider that AB, BC, and CD are rigid 
walls on which the velocity of the fluid 
vanishes, while the velocity along AD is 
prescribed arbitrarily parallel to itself. In the 
present paper, however, the latter velocity 
is assumed to be constant (=—U) for the 
sake of simplicity. The cases where the ve- 
locity along AD is not uniform could be treated 
with an analogous method to that described 
in the following. The Reynolds number for 
our problem may be defined as Ua/v, v being 
the kinematic viscosity. 

When the Reynolds number is rather low, 
similar problems to ours have been investiga- 
ted by several authors: K. Hidaka has 
studied much the same problem as ours except 
that shearing stress instead of velocity is 
given on AD, by integrating numerically the 
Stokes equations, and then calculated the cor- 
rection term due to inertia terms. A. Thom 
and C. J. Apelt?) have dealt with the flow 
past a two-dimensional static hole in the wall 
of a channel by expanding the solution in 
power series in the Reynolds number, and 
obtained the first three terms by numerical 
integration. Thom and Apelt’s case may be 
regarded as the limiting case of ours when 
the ratio b/a tends to infinity. 


§3. Equations of Motion and Boundary 
Conditions 

Let us take the «w-axis along the side BC, 

and the y-axis along the side BA. For sim- 
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plicity, all the quantities are expressed non- 
dimensionally, the reference length and veloci- 
ty being the length of the side BC and the 
fluid velocity along the side DA, respectively. 
Then the length of the sides AB and CD 
is expressed by B=0/a (cf. Fig. 1. b). 


Fig. 1. 


In terms of the stream function ¢ and the 
vorticity w, the equations of motion for two- 
dimensional flow can be written as follows: 


—1 —. + — Jo=0, rails 
a(x, ¥) uy a koe) 
and 
wo=—A¢ , (832) 
where 
02 02 
= BS 
Ox? oy* - 39) 


The boundary conditions are then expressed 
as 


g=0, d¢/dx=0 on AB, (3.4) 
g=0, d¢/dy=0 on BC, (3.5) 
$=0, d¢/ox=0 on CD, (3.6) 
g=0, df//oy=—1 on DA. (Sar) 


§ 4, 

For the numerical integration of equations 
(3.1) and (3.2), we must divide the whole 
region into meshes, and find the relations 
among the values of & and w at one mesh 
point and its neighbouring points from the 
equations of motion and the boundary con- 
ditions. 

First we group all the mesh points into 
three classes: (i) ordinary (inner) points, 
(ii) points on the sides AB, BC, and CD, and 
(iii) points on the side DA. 

(i) Ordinary (inner) points. 

Neglecting the terms of order O (h*), we 

obtain the relation: 


fo=fu—(h2/4)4f (4.1) 
where f is any function of the point, h is 


the mesh constant, and the suffixes 0 and MW 
indicate the value at the point 0, and the 


Reduction to Finite Difference Equations 


Mitutosi KAWAGUTI 


(Vol. 16,. | 


average value for the four neighbouring points,. 
respectively. 

For f, we take ¢ and», and for 4¢ and 
do, we use the expressions obtained from. | 
(3.1) and (3.2), and finally we replace the 
differentials by the differences. Thus the 
following two relations are obtained which | 
take the place of the differential equations. 
(3.1) and (3.2): 


Vo=Us4 {ou Us)(V2—Vs) —(U2 —Us)(V1—V)} » 
(4.2) | 


MoU 0 , (4.3): 


where 
uw? * (4.4): | 
and suffixes 1, 2, 3, 4 indicate that the values 


for the points 1, 2, 3, 4 in Fig. 2.a should be: 
taken, respectively. 


v——h’o , 


a 


Sy 


inner 
region 


boundary 
(a) (b) 


ign Ze 


(ii) The points on the sides AB, BC, and CD. | 
At these points, # must be zero, from the | 
first conditions of (3.4)-(3.6). Thus 


U0: (4.5) 
On the other hand, we may find vo from (4.3), 
considering that the value of uw is zero on the: 
boundary points, and replacing the normal 
differentials by the corresponding differences. 
Thus we have 
Vo=UptuUy: 
=2U» ; (4.6): 
because of the relation | 
(4.7) | 
which follows from the second conditions of 
(3.4)-(3.6). Suffixes p and p’ indicate that the: 
values for the points on either side of the | 
boundaries should be taken (cf. Fig. 2. b). 


(iii) The points on the side AD. 
In this case, we must take 


Up—Up =0 , 


Up—Up'=2h , (4.8) | 


in place of (4.7), from the second condition. | 
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of (3.7). Thus we have 
uUo=0 , (4.9) 
Vo=2Uy—2h . (4.10) 
§5. Procedure of Computation 
We take the following mesh constants: 
1/14 for the cases f=b/a=0.5 , 
1/10 for the cases $=1, 
1/7 for the cases f=2, 
hence we have 121 mesh points (81 inner 
points) for the cases 8=1, and 120 mesh points 
(78 inner points) for the cases B=0.5 and 2, 
respectively. 

Numerical integration of (3.1) and (3.2) is 
carried out by iterative procedures according 
to the following steps: 

(1) Approximate values of uw and v are 
assumed at all the mesh points. These values 
may be chosen for each case by relevant 
method. 

(i) Then the values of v for the boundary 
points are corrected using the equation (4.6) 
or (4.10). 

(ii) Thirdly, values of uw and v for the 
inner points are corrected from point to point 
making use of the relations (4.2) and (4.3). 

The procedures (ii) and (iii) make one cycle 
of the iterative calculation. 

The numerical calculations have been carried 
out on the electronic digital computer PC-1 
at the Department of Physics, Faculty of 
Science, University of Tokyo. 


§6. Results 


We have performed the numerical integra- 

tion for the cases: 
P=0. R=0,.8, 32, 64, 
1.0. sie 0, T2473, 16; 32,.64,.128, 
c=2,0, R=), 8, 32, 64. 

In all cases except one (R=128, B=1.0), the 
iterated values converged within five digits 
in fixed decimal point method, when we took 
the starting values as 0 for simplicity and 
the iterating procedures (ii) and (ili) were 
carried out for about one hundred cycles. 

The calculation took about twenty minutes 
for each case including the printing time once 
for each fifty interative cycles. 

For R=128 (8=1.0), the iterative process 
on PC-1 did not converge. Then, we re- 
exmined the same case on another electronic 
digital computer Bendix G-15D at the Railway 
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Fig. 3. Streamlines (R=8). 
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Fig. 4. Streamlines (R=0). Fig. 5. Streamlines (R=64). 
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Fig. 6. Vorticity (R=8). Fig. 7. Vorticity (R=0). 
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0). 


CyR (R 


Fig. 9. Pressure: 


=64), 


Fig. 8. Vorticity (R 
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64). 


Pressure: CpR (R 


Biss iil 


8). 


Cyk (Rk 


Fig. 10. Pressure: 
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Technical Research Institute, Tokyo, by use 
of which we could calculate in five digits in 
floating decimal point method, putting the 
results for R=64 (8=1.0) as initial values, 
and printing the results after every two itera- 
tion cycles. Although no extraordinary pheno- 
mena were observed in first few iteration 
cycles, some of the values became larger and 
larger in absolute magnitude as the number 
of iteration cycles increased, and at last in 
the 18th process they caused overflow, which 
showed that one of them at least exceeded 
108 in magnitude. This divergence may be 
caused by the nature of the Navier-Stokes 
equations, or by the nature of the difference 
method, or by the use of rather coarse meshes. 
At present, we cannot decide which is the 
case. 

In Figs. 3-11, distributions of #, vorticity 


O(N) 


Fig. 12. Velocity distribution along the 


centre line MN. 
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Fig. 13. Pressure distribution over the sides 
AB, BC, and CD. 


®, pressure p are shown for some typical 
cases: _R=0, 8, 64; 2=0.5, 1.0/0.0. Fron 
convenience, we have used Cy,R instead of p 
itself where Cy=(/—pfo)/(30U?) and R is the 
Reynolds number. The pressure at the middle 
point of BC has been taken as the reference 
pressure fo. In Fig. 12, the distribution of 
the w-component velocity along the centre 
line MN of the cavity is given. The pressure 
distributions over the both sides AB and CD 
and the bottom wall BC are shown in Fig. 13. 


$7. Conclusions 


From the numerical results described in § 6 
and shown in Figs. 3-13, following qualitative 
conclusions concerning the flow in the cavity 
may be drawn: 

(i) In every case, there exists a circulat- 
ing flow extending the whole length of the 
cavity. The pressure on the wall AB (down- 
stream) is higher and that on the wall CD 
(upstream) is lower compnred with the pre- 
ssure at the middle point N on the bottom 
wall. 

(ii) The general feature of the flow in the 
upper region remains almost unchanged as 
the depth of the cavity increases (8=0.5~2.0, 
ck Fig. 12). 

In the deep cavity (8=2.0), there appears 
quite a large region near the bottom where 
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the fluid velocity is very small and exist 
weak secondary flows even when R=0. On 
the other hand, no secondary flow seems to 
occur in the shallow cavities (8=0.5, 1.0) at 
least for the Reynolds number less than 64. 
However the accuracy of our calculations is 
not so good that we cannot determine exactly 
the flow patterns in these regions. 

Gii) The flow patterns for the cases of 
small Reynolds numbers are quite similar to 
that of Stokes flow (R=0). The deviations 
of ¢ and » at each point from those in the 
latter flow are proportional to the Reynolds 
number when R<10. 

(iv) As the Reynolds number is increased, 
the centre of the vortex moves downstream, 
and the pressure gradient in the region down- 
stream becomes steeper, while that in the 
region upstream less steep. 

(v) In shallow cavities (e.g. 6=0.5), the 
flow in the middle portion can be well approxi- 
mated by the parabolic flow, i.e. 


VECey= ’ Vy~0, 
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where Vz and Vy are the x- and y-com-. 
ponents of the flow velocity. 


(vi) When the Reynolds number is less. 
than 64, the iterative procedure does converge 
for our problem. However, it diverges for- 
the case R=128 (8=1). At present, we can- 
not determine the origin of the divergency.. 
In relation to this problem, further studies,,. 
both analytical and numerical, seem to be: 
desirable. 

In conclusion, I wish to express my sincere: 
gratitude to Professor Isao Imai for his dis- 
cussion and kind inspection of the manuscript,,. 
to Dr. Hideo Takami for his discussion and! 
aid in programming and operation of PC-1,, 
and to Mr. Kétard Mano for his aid in pro- 
gramming and operation of Bendix G-15D. 
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On Similar Solutions of the Unsteady Quasi-Two-Dimensional 
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Unsteady three-dimensional boundary-layer equations can be reduced 
to two-dimensional type, if one component of the velocity and the pres- 
sure gradient in that direction are negligible throughout the boundary 
layer. Conditions for the existence of similar solutions for such quast- 
two-dimensional boundary layer are obtained. In particular it is found 
that the velocity at the outer edge of the boundary layer must be pro- 
portional to Y,exp(at/Y), Yi(bt+Y)*/* or (w+ Yi)/(bt+ Y), where a and 
b are constants, Y and Y; are arbitrary functions of y. Here w, y, z 
are geodesic normal plane coordinates (the w-axis being the geodesic of 
the body surface z=0). New similar solutions are found, and velocity 
distributions for various cases are calculated. All the known similar 
solutions, being two-dimensional, are only special cases of our results. 


Axisymmetric similar solutions are also among our results. 


$1. Introduction 

Since the concept of the boundary layer 
was introduced, many exact solutions of the 
unsteady incompressible laminar boundary- 
layer equations have been obtained. Some 
of them are similar or affine solutions, for 
which a component of the velocity has such 
a property that two velocity profiles at dif- 
ferent coordinates differ only by a_ scale 
factor. In general, it is assumed that the 
radius of curvature of the wall is far greater 
than the thickness of the boundary layer and 
that the streamlines of the external flow out- 
side the boundary layer are stationary and 
coincide with geodesics of the surface. Thus 
Blasius” obtained similar solutions for the 
parallel flow due to the impulsively or 
uniformly accelerated motion of an infinite 
plane wall. Watson” found similar solutions 
when the velocity of a flat plate moving in 
its own plane is proportional to ¢* or e”* and 
the velocity normal to the plate vanishes, 
where 7¢ is the time, and a, b are constants. 
Their solutions are closely correlated to the 
so-called Rayleigh’s problem, in which the 
assumption of parallel flow is used instead of 
the boundary-layer assumption. Schuh?) show- 
ed that similar solutions may be obtained 
when the velocity at the outer edge of the 


* A part of this work was done when the author 
was in Transportation Technical Research Institute, 
Mitaka, Tokyo. 


boundary layer U is proportional to ?¢%, e?’ or 
x/t, where x is the distance along the flow. 
Recently Yang‘):®) obtained similar velocity 
profiles for the stagnation flow, in which U 
is proportional to x/(a—bdt). All the similar 
solutions so far obtained are those for the 
two-dimensional flow. 

Now we consider the three-dimensional 
boundary-layer flow. We choose the x-axis 
along one of the streamlines of the external 
flow outside the boundary layer and the y- 
axis along one of their orthogonal trajectories. 
For such coordinate axes, we have shown®) 
that the component of the velocity in the y- 
direction vanishes throughout the boundary 
layer, if the component of the velocity of the 
wall (if it is moving) in that direction vanishes. 
In these cases, the boundary-layer flow is 
essentially two-dimensional. We call such a 
flow ‘ quasi-two-dimensional’. In a previous 
paper® all the exact solutions of the steady 
incompressible quasi-two-dimensional bound- 
ary-layer equations have been obtained. In 
this paper, we search for all similar solutions 
for unsteady incompressible quasi-two-dimen- 
sional flow. 


§2. Conditions for the Existence of Similar 
Solutions 


The equations for the quasi-two-dimensional 
laminar boundary layer were obtained in our 
previous paper’). Using the curvilinear 
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planar coordinates (x, y, z), in which the x-axis 
is the geodesic of the wall and the scale 
factors are 1, r(x,y), 1, the equations for 
incompressible fluid can be written as 


O(ru)/ox+d(rw)/dz=0 , (2.1) 
ou Ou Ou. 1 dp 
at bie Ox pes 0z sop Ox ane = eee 


where uw and w are components of the velocity 
in the directions of x and z respectively, ¢ 
the time, @ the density, » the kinematic vis- 
cosity, and p is the pressure. The boundary 
conditions for w and w are 


uUu=w a Zz \ 2.3) 
U— OG eb) for z>0. 
From Bernoulli’s theorem, we have 
ieop  oU- oU 


= U 
0 Ox ace 


Let us consider the conditions under which 


(2.4) 


the boundary-layer flow is similar. For this 
purpose, we assume 
u=U(x, 9,0) FO ; (2.5) 


where C=z/{v'/? g(x, y,t)} and dash denotes 
differentiation. Naturally g is considered to 
be proportional to the thickness of the bound- 
ary layer. The boundary conditions for f 
are 
FO=F'(0)=0 ; f(oo)=1 (2.6) 
Integrating (2.1) with respect to z and using 
(2.5) and (2.6), we have 
w viizgf arU) 


ad 0g 
= S } p} 1/2( ae Seer aes 
Uy rU Ox fil Staal B Ox 
(EO) 


Substituting (2.4), (2.5) and (2.7) into (2.2), we 
obtain 


a ai Or a 


2 LIOR on OX 


OU. U og 
Ne Ox 


Se 
0oU 72 2 0g Cy ¢Y 
te 


ue Gi 


Pee (Tf \=) . (2.8) 
+47 OE Ghee) 
Hence we must have 
pip clive <a 2.9a) 
U a Cay 
pie a 38 ay (2.9b) 
g ot ~ 2g? 
aU /ox=d/g? , (2.9c) 
U og Ov 07 whe (2.94) 


UO eo PY OK TEE e 
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a, b, d and e being certain non-dimensional 
constants. Then Eq. (2.8) is reduced to 


spe fat +(d+e)f f”+di— — f’*) 


+2 cf" +a(l—f’)=0 (2.10) 

When a=0d=0, the flow is steady. Such a 
case has already been studied in our previ- 
ous paper®, so that in this paper we assume 
that a?+6?+0. 

Differentiating (2.9a) with respect to x and 
using (2.9b) and (2.9c), we have, after some 
transformations, 


(at+b)d=aU 0 g?)/ox . Gad 
Similarly we have from (2.9b) 
2(at+be=bU O g)/dx . (2.12) 


Differentiating (2.11) with respect to ¢ and 
employing (2.9a) and (2.9b), we have 


a=0 OF = 2 yar. (2.13) 
and always 
(a+b)d=0. (2.14) 
Similarly we have from (2.12) 
G=0) 50m 4)=—0 One S— FGA ee (2.15) 
in the latter two cases 
(a+be=0. (2.16) 


From these relations we can conclude, after 
some simple considerations, that there are 
only the following possibilities: 

(1) The case a=0, 
jaa Wenge 7 4 Vee a OL igo 2.17) 

=(2ex/U)+bt+ Y(9) , 
where Y is an arbitrary function of y. There- 
fore the form of the wall allowing such 
similar solutions must be a cylinder. 

(2) The case a+0, 


g=vi+Yiy), Ga+d0d=CG+rd)e=0. Gis) 
(2.1) ~The case a-+b=0, 
pam \ (2.19) 
U={dx+ Yi y)}/{bt+ YCy)} , 
where Y: is an arbitrary function of y. 
(2.11) The case d=0, 
r= Y2(y) exp {ex/YVi(y)} , (2.20) 
where Y2 is an arbitrary function of vy. 
(212) The case d=0, 
r= Y2( yidx+ Vily)}/2 . (2.21) 
(2.2) The case a+b40, 
C=C 08 SFE) w=0 (e220) 
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(2.21) The case b=0, 
U=Yi(y) exp [at/{g(y)}'] - (2.23) 
(2.22) The case 640, 
U=Valy toi + Vey) (2.24) 


It should be remarked here that, when g= 
g(y,t), we have 
ulox?= f’eUlox?=0 , 
so that Eq. (2.10) is the same as what should 
be reduced from Navier-Stokes’ equation. 


§3. Asymptotic Behaviour of the Similar 
Solutions 
If we put f=C+C+G, where C is a con- 
stant, Eq. (2.10) becomes 


Ce +d+e\+(d+e(C+6) lev 


—{(a+2d)+dG’}G’=0. (el) 
From boundary conditions (2.6), we know 
that G, G’ and G” are small when € is large. 
Here we consider the asymptotic behaviour 
of G’ for large values of ¢. 
Cia 

b+2d+2e+0 a+2d+0 , 

we can neglect each of the second terms in 
the bracketed expressions of (3.1), obtaining 


G”+(Ftd+e CG” —(a+24)G'=0 . (Gr) 


and 


In terms of the new variables 


Plas 3 4) Ey) 
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the above equation becomes 
ry’ +(S—# \y —Dy=0 (3.4) 


where 
D=(—2a+b—2d + 2e)/2(b+2d-+ 2e) . 


Two independent solutions of this equation 
are given by 


=F (D, es x) 


ii 
De 


and (3.5) 


2— 1/2 D— ’ 
yaa ( : 


respectively, where F'(a,7; x) is the confluent 
hypergeometric function defined as 
35 a(at+l) x? 


1! i r(7y+1) 2! 


FQ, wale 5 


(3.6) 


(1.1) If 6+2d+2e>0, these two solutions 
can be transformed into 


Vis leet oe [xl Jets 


and 


ye=ilel-"F (1—D, = x] Jeo 


(3.7) 


respectively. Now we have the asymptotic 
expansion 


I'(a@) 


hop 
I(r —@) 


for large positive values of x”, where Bm=f(8+1)--- (B+m-—1). 


linear combination 


y=—2n4T'(D\ ein 2D) y. +421 yur Dee ca sya 


we have 


Se {1+ > (-1)" Solgar Le x"+0¢-#)| 
mat m! 


este Lp 1) Ratan ee a Oa 


(3.8): 


Hence if we form the 


3.9» | 


yrvertapoarfie $1 GU De ie +0(izI-*)} 


Thus one solution G’=y|x|'!/? tends to zero 
as exp (—C?) when €->00*, Let us call such 
a solution a ‘strong solution ’. 

(1.11) If D>1/2, both y:|x|/2 and ye|x|1/2 
tend to zero in the order of negative powers 
of ¢ as C00, as can be seen from (3.7) and 
(3.8).* Such solutions may be called ‘ weak 


solutions’. However, in this case, we may 
have a strong solution as given by the linear | 
combination (3.9). Thus the boundary con- 
ditions (2.6) are expected to be unable to de- | 
termine uniquely a solution of (2.10). 

(1.12) If D<1/2, neither y:|x|/2 nor | 
yalx|/? tend to zero as C00. Hence, in this. 


1961) 


case, there is only one strong solution (3.9). 
Thus it may be possible to determine a unique 
solution of (2.10) satisfying the boundary con- 
ditions (2.6). 

(1.2) If b+2d+2e<0, it can be seen from 
(3.5) and (3.8) that both yix'/? and yox'/? tend 
to infinity as €-0o*. Let us take the linear 


combination: 
—271/2 3 
=—— F( D, —; 3 
y TiD—}) P( 5 “| 
(c)x) 1/2 ( itp 
4 _ FY D—-—, —; 3 : 
Lai Tied Gaaee ee) (3.10) 


By use of (3.8), we have 


pratt > (—1)n DnD=2)m 
m=1 m! 


—™m 


+0(e-»\ . ip 


Thus we have the following conclusions. 


(1.21) If D<1/2, we have no solution. 
(1.22) If D>1/2, we may have one weak 
solution. 
m2) if 


b+2e40 and a=0, 
we have d=0 from (2.17), so that we can 
neglect the second term in the first brackets 
of (3.1). Thus we obtain 
Gr'+(f +e KG" =0 : 
whose general solution is given by 
G’=Alexp {+ 26)2/4} dC+B , 


where A and B are integration constants. 
Therefore, we have no solution if )+2e<0. 
If 6+2e>0, there is a possibility for the 
existence of a strong solution or solutions. 
(3) If 

GAY Sitcl p=), 
we have d=e=0 from (2.22), so that the second 
term in the second brackets of (3.1) vanishes. 
Thus we obtain 

G’’’—aG’=0. 

Therefore, we have no solution if a<0. If 
a>0, we may have a solution 

G’=A exp (—a'/?) . 
Let us call such a solution a ‘medium solu- 
tion’, in view of the asymptotic behaviour 


* When a is either zero or negative integer, 
F(a, 7; “) reduces toa polynomial. Hence the same 
results can be derived in a simpler manner. 
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for C0, 

The treatment in this section does not cover 
all the possible cases of the solution. It has 
been clarified, however, that there are three 
kinds of solutions, i.e., strong, medium and 
weak. 


$4. Similar Solutions for Case (7) in § 2 

In this section we consider the case (1) in 
§2, where a=0 and b+0. U, r and g are- 
given by (2.17). Eq. (2.10) is now reduced to 


fl of fe +20 F/"=0 (4.1) 


When e=0, the strong solution of (4.1) has 
been given by Blasius” as 


1 etn OMG) (4.2) 


where erf x=2n-¥"(" exp (—a4)dx, From (2.7) 
0 


and (2.17), we have 
w=0. (4.3) 
When e+0, after the transformations f= 
({b|/2)/2f and x=(|b|/2)'/2C, Eq. (4.1) is reduced 
to 


+P’ 426¢RF’+%F”’=0 , (4.4) 
where e=e/b and the upper sign is for b>0 
and the lower sign is for b<0. The boundary 
conditions for F are 

F(O2=F’(0)=0 Sand. K(co)=1 . 
From (2.7) and (2.17), we have 


___ te(2v)'2F’x—F) 
(dex 44404 ¥ [ye oe 


From (2.17), it is clear that the point where 
g=const moves with the speed —bU/2e, when 
e+0. 

From the arguments in the previous section, 
we know that we may have strong solutions 
when 0(1+2¢)>0. Numerical solutions of Eq. 
(4.4) have been obtained by the electronic 
digital computers Bendix G-15D and Burroughs 
Datatron 205. Calculations by the former 
employed single or double precision arithmetic, 
that is, five or twelve significant figures, and 
calculations by the latter were of eight sig- 
nificant figures. The integration was done by 
using the Runge-Kutta method with fourth- 
order accuracy. The velocity distributions 
for the cases where }>0 and 2«=1 (strong), 
0 (Blasius, strong) and —1 (medium) are 
shown together in Fig. l(a). When 0<0, 
there are three cases; when 2¢>-—3.824, we 


2320 Nisiki HAYASI (Vol. 16,* 


wg V2/by 


Fig. 1(a). Similar velocity profiles when a=d=0, 
b>0. (e=0 is given by Blasius.) 


Fig. l(b). Similar velocity profiles when a=d=0, 
b<0. 


have no solution; when 2e-=—3.824, we have | 


a strong unique solution; when 2¢< —3.824, 
we have two strong solutions. The velocity 


distributions for the cases where b<0 and 


2e= —3.824, —4 and —5 are shown together | 


in Fig. 1(b). 


§5. Similar Solutions for Case (2.11) in §2 | 


In this section we consider the case (2.11) 


in § 2, where a= —b+0 and d=0. From (2.19), | 


we have 


U=YVi(y)/{bt+ Y(y)} . (6.1 | 
g andyr are given by (2.18) and (2.20), respect- | 


ively. After the transformations ¢€=|b|~1/6 


and f=+|b|*{F—(é/2)}/e (assuming e+0), | 


Eq. (2.10) is reduced to 
+F’’+FR’+F’=m , 6.28 
where m=(1/2)+¢, and the upper sign is for 


b>0, while the lower sign is for b<0. 
Boundary conditions are: 


FO)=0) 4F(Q=1/2 ‘and F’4ca)=a08 
The velocity distributions are given by 
u/U=(2F’ —1)/(2m—1) . 


From (2.7), (2.18), (2.20) and (5.1), we have. 


w=—[v/{bt+ YCy)} "ef . (6.3) 
From the arguments in §3, it is clear that 
there may exist a strong solution when 0<0 
and m<0; a strong and weak solutions when 
b>0 and m>0; and a weak solution when 
b<0 and m>0. If b>0 and m<0O, Eda. (5.2) 
has no solution. For example, when e=0 
(m=1/2), we have 


Ff’ =u/U=2Z(Di Z) exp (—Z?)+ AZ exp (—Z?) 


(5.4) | 


for b>0, and 


f'/=n'?Z1—erf Z) exp Z? 6.3) 


for b<0, where Z=|b|!/2C/2, A is an integra- 
tion constant, and Di Z is the integral defined 
by 
Z 
Di z=\ exp x? d& . 
0 


The first term of (5.4) is weak, and the second 
strong. The constant A cannot be determined 


from the boundary conditions. The various | 


solutions corresponding to different values of 


A would represent flows corresponding to | 


various initial conditions. Anyhow both solu- 


tions (5.4) and (5.5) are weak and tend to unity | 
as Z~*, The velocity distributions calculated 
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by (5.5) or by the electronic digital computers 
are plotted in Figs. 2(a) and 2(b)*. (Solid, 
chain and broken lines correspond to strong, 
medium and weak solutions, respectively.) 
When b>0 and m=0, we have medium solu- 
tions. Only the solution that approaches most 
‘rapidly to unity is shown in the figure. 

Here we consider the boundary layer on 
‘the axisymmetric body surface, which is 
formed by rotating a plane curve LZ on the 
Xr-plane about the X-axis. Now we assume 
that the ordinate 7 of this curve is given by 
(2.20). Since the surface is axisymmetric, 


O | 2 3 4 5 


Fig. 2(a). Similar velocity profiles when d=0 and 
o——o-(). 


| 


6 


Fig. 2(b). Similar velocity profile when d=0, e/b 
=—0.5 and a=—b<0. 


“Fig. 3. The forms of the wall allowing similar 
velocity profiles when a=—b#0 and d=0. 


ros AD Ye solution (5.4) is plotted in Fig. 6(c) for 
-comparison. 
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Y2(y)=const=A, e/Yi(y)=const=B, so that 
we have r= Ae®*. Clearly we have 


dx=(dX*+dr?)/2 or AX=(dx?—dr*)'”* : 


(5.6) 
Hence, integrating, we have 
t 
Bx=+| t-(1—2)'2 dt 
2 \ (ORB 


=(1—#)/?—tanh-"(1-)?7-+C., 
where t=B?r* and 
C=—(1—A’?B*)'+ tanh-"(1— A2B?)/2 , 

The curve L is shown in Fig. 3, for the cases 
A" B*=0, 1, 023,05) O071-and 0.0" 

It is evident that the above arguments can 
be readily extended to the general quasi-two- 
dimensional boundary layer. 


§6. Similar Solutions for Case (2.72) in § 2 


In this section we consider the case (2.12) 
in §2, where a=—0=+0 and d+=0. U, ¢ and 
y are given by (2.19), (2.18) and (2.21), respect- 
ively. Now Eq. (2.10) is reduced to 


FUELS fbf +f" 


+bf’+(d—b)=0. (6.1) 
After the transformations f=|d|-/?F and 
C=|d|-”E, Eq. (6.1) reduces to 
SE RY" ehh’ — Fear] 


S 
— Se iT 
a( ue ) . 


where 6=—)b/d+0 and y=e/d, the upper and 
lower signs corresponding to d>0 and d<0, 
respectively. The boundary conditions for F 
are 


(6.2) 


EQ=F'O)\=0. and Eicoh=1° 
From (2.7), (2.18), (2.19) and (2.21), we have 
w=—p{bt+Yonjter+)df. (6.3) 
From the arguments in §3, we know that 
we may have a strong solution together with 
weak solutions when d(2—8+2y7)>0 and 
d(2+)<0, a strong solution when d(2—8+27) 
>0 and d(2+f)>0, and a weak solution 
when d(2—8+27)<0 and d(2+)>0. When 
d(2—£+27)<0 and d(2+)<0, we have no 
solution. In this connection it may be noted 
that Yang*)®) has obtained the numerical 
solutions of (6.2) for the case d>0, 7=0 and 
—3<f<1.6. His solutions are applicable to 
the quasi-two-dimensional boundary layer 
along a cylindrical surface. 
The case where 7=1 and d>0 is practically 
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important, as shown later. (Cf. Eq. (6.12).) 
For this case we have obtained the numerical 
solutions for various values of 8. When B< 
—2, the preceding paragraph shows that we 
may have strong and weak solutions. How- 
ever numerical calculation shows that a unique 
strong solution only exists in this case. The 
velocity distributions for y=1 are presented 
in Table I. The value of d?F/dé at the wall 
(€=0) is (v|d|)-'gc/oU, where t is the skin 
friction. This is also given in Table I. 

In the case where y=—2, on integrating 
twice with respect to € and using the bound- 
ary conditions, Eq. (6.2) is reduced to a 
generalized Riccati equation 

+¢’—pyd—P+(1+h)y=+n7, (6.4) 


Nisiki HAYASI 


| 
| 
(Vol. 16,,. 


where $=27F, y=2-?& and n=$"(0)= 
(2/|d|)2f/(0). The ‘boundary condition for? 
% is $(0)=0. The constant 7 is to be deter- 
mined from the condition ¢’(0cc)=1. 

Casehle a 0: 

It can be readily shown that we have 
strong (or medium) solution when S<—2.. 
Indeed, putting-..=—(8+2), we have the 
general solution of (6.4) in the form: 


sare exp {—(n/2)y°+2n} 
Ap \ exp {—(/2)n?+2n} dy 


Here the integration constant A is determine if 


as 1, from the boundary condition. Thus we 
have a medium solution | 
ff =u/U=tanh? (6.5) 


Table I. Velocity distributions «/U and skin friction ¢ for the case U={dxa+ Yi(y)}/{bt+ Y(y)} , 

a=—b+0, d>0 and y=e/d=1. ct=0{dat+ Yily)}(vd)'/2{bt+ Y(y)}-3/2F"'(0). | 

se: OO TL =2 hf ay (0) 1 2 3 Fi 

0 0 0 0 0 0 0 0 0 

(sah 0.0135 0.0432 0.0763 0.1033 0.1262 0.1461 0.1636 0.1792 
OZ .0530 .1044 1602 .2050 .2424 .2743 .3019 .o261 
0.3 alleys . 1802 . 2492 .3037 . 3486 .3865- .4188 .4468: 
0.4 .1970 . 2668 3404 .3980 .4450 -4843 .9176 .0461 
0.5 .2914 .3999 .4311 -4865 .0316 .0692 .6009 6280: 
0.6 .3928 .4549 5188 .5683 .6087 .6425- .6710 6954- 
0.7 .4952 .0476 .6011 .6426 .6766 . 7054 .1299 7509" 
0.8 .5930 .6345 6763 . 7087 .7358 . 7590 24192 7966: 
0.9 .6822 AWAY - 7429 . 7665 . 7867 .8044 .8202 . 8342; 
1.0 .7598 . 7806 8005- .8161 .8299 .8426 .8543 .8651 
eZ .8759 .8828 .8880 .8920 .8960 .9006 .9057 9112s 
J 4 .9442 .9445 .9431 .9412 .9398 Ee a= .9403 9420: 
1.6 .9782 .9769 9739 .9705m .9672 .9645 -9630 . 9625: 
1.8 .9927 POOLS -9892 .9864 . 9832 .9801 .9776 .9760: 

2.0 .9979 .9973 9960 .9942 .9919 .9893 . 9867 -9847 | 

2.2 | 29995 49992 .9987 .9978 .9963 IS .9924 9904. | 

24a .9999 .9998 9996 .9992 .9985- AOS} .9957 9940 
2.6 1.0000 1.0000 79999 09997 .9994 .9987 .9976 9963. 
2.8 1.0000 .9999 -9998 .9994 .9987 9978. 
3.0 1.0000 .9999 .9998 .9994 .9987 
74 1.0000 E9999 sooo 9992 
3.4 1.0000 .9998 .9995 
3.6 9999 .9997 
3.8 1.0000 .9998 
4.0 .9999 
4.2 .9999 
cae 1.0000 
Fo) | 0 3358 . 7166 1.0354 1.3119 1.5570 WAS 1.9782 
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for =—2, and a strong solution 
d’ =u/U=1+(2n)*sG+G- , 

where s=(n/2)'/*(n—2/n) and 

G=[(z/2n)/*{erf s+erf (2/n)‘/2}+ e-2/"] exp s? 
for 8B<—2. It should be noted here that the 
Medium solution tends to unity as e-2”, and 
the strong solution tends to unity as 
2 exp (—n7?/2). 

When $< —2, weak solutions also exist be- 
side strong solutions. For example, when 
6=-—3 and n=0, we have 


Pee eer Zp — 9/2) ie 
i V7 ea) erf (2-*/27) i 
and 


Y=u/U 
=1—{1+(x/2)'/27 exp (7?/2) erf (2-1/27)}-1 
+{9+ (2/n)'/? exp (—7?/2)/erf (2-1/2n)}-? , 
(6.7) 


(6.6) 


which tends to 1 as 77°. 
The results (6.6) and (6.7) are in agreement 
‘with the above statement that we may have 
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strong and weak solutions when d(2—f8+27)>0 
and d(2+8)<0. (y= —2 in this case.) 


Case-2. a=, 
When £>-—1, we can show that there exists 
a weak solution. In fact, putting n= 
(8+2)(8+1)'2 and making the substitutions 
(B42) -e =—b—y— (p21), 
S=(B+2)/%+22N , 
N={2(B+1)/(6+2)}7 , 
we can reduce (6.4) to 
WW’ 4+ sW4+W2+1=0. 
The solution is given by Y=—s+G, where 
as 2-1/2 exp (s?/2) 
~ Di (2-1/s)+.N-! exp N?—Di N ° 
Hence, we have 
f’ =u/U=1+(8+2)(—1+sG—G*). (6.8) 
When d<0, B=—1, we have again a weak 
solution such that m=1. Thus 


with 


exp Z? 


Q-1/2 
Jal 14 
Z\ 


where Z=2'/2+2-1/27, so that we have 


W =ufU=—1+2°ZH—-H? . 


2Z(Di Z—Di 2'/2)—exp Z?2+2'/2Ze2 \ : 


(6.9) 


The results (6.8) and (6.9) do not contradict with the statement that we may have a strong 
solution together with weak solutions when d(2—8+27)>0 and d(2+ )<0. 


When $=-—4, it can be readily seen that we have a weak solution such that n=2. 


Thus 


g=yH—-1+(y+1)7 ? 


so that 


ff =u/U=1—(+1)-? . 


(6.10) 


This agrees with the statement that we may have a weak solution when d(2—8+27)<0 and 


a(2+f)>0. 


2 


(y=—2 and 6=—4 in this case.) 


_ 8 =-4(n=2) 


Fig. 4(a). Similar velocity profiles when d>0 and 
y=eld=—2. 


St 


—— 


O hs O 3 4 5 


Fig. 4(b). Similar velocity profiles when d<0 and 
y=eld=—2. 
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These solutions for the cases (1) and (2) are plotted in Figs. 4(a) and 4(b), respectively. 
It may be interesting to remark that u/U given by (6.6) to (6.9) exceed unity for some finite: 


values of C. 
Next we shall consider the boundary layer on the axisymmetric body surface, as is done: | 


in the previous section. In this case, we have 


v=AR+B) , (6.11): 


where A=Y:2, B=Yi, respectively and 740. From (5.6) and (6.11), we have | 
GXjdy— +i (rep? AM y/e4 


where q=2(1—7)/y and the upper sign is for 7>0 and the lower sign is for 7<0. When | 
7=1, we have g=0, and hence 1 


x 


AeA — 27 A (6.12). } 


This corresponds to the practically important case of a circular cone. 
When 7+#1 and so g40, we have 


IQMEEX=16), (6.13) 


where 


1@)=\(e2—1)" dp 


and E=y-2/24-1-2/1, 6=Er, 7=EABY. For example, 
16)=316(6°—1)2—In {6+(6°-I'7}] (= 1/2) 


=43(6 -1)3/? (7=2/3) 
=6(—1+p7)?—tane(—-1 +p 3s Ga) 
=(1—62)!—In (14+ (1—?)1/2/0} . (7=00) 


These are plotted in Figs. 5(a) and 5(b), where the cases y=—1 and —2 are also included. 


Fig. 5(a). The forms of the wall allowing similar Fig. 5(b). The forms of the wall allowing similar 
velocity profiles when a=—b+0, d+0 and += velocity profiles when a=—b+0, d#0 and pas 
e/d >0. eld <0. 


§7. Similar Solution for Case (2.27) in § 2 


In this section we consider the case (2.21) in §2, where a#0 and b=0. U, w, g andr 
are given by Eqs. (2.23), (2.22) and (2.18). Now Eq. (2.10) is reduced to 


o4—4o—=—a ? 


where ¢=f’=u/U. The boundary-layer type ‘medium’ solution of this equation has been | 
given by Schuh® as 
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é=u/U=1—exp (—a@"/E) . (7.1) 


We must have a>0, so that |U| increases with f. 


§8. Similar Solutions for Case (2.22) in § 2 
In this section we consider the case (2.22) in § 2, where a+b+#0, a#0 and b#+0. We have 
d=e=0. U, w, g and r are given by (2.24), (2.22) and (2.18). Eq. (2.10) is reduced to 


e+ 4. ie op am (8.1) 


where ¢=/’=u/U. The boundary conditions for ¢ are 
o(0)=0 and O(a) (8.2) 


Blasius’’) has given the analytical solution of (8.1) for a=a/b=1. Godrtler® integrated this 
equation numerically for a=2, 3 and 4. Watson?) obtained the solution in terms of parabolic 
cylinder functions. He also calculated the numerical values of u/U for a=—0.5(0.5)3 and 
b>0. From the arguments given in §3, it is clear that we may have a strong solution 
when 5>0 and a>0, a strong solution as well as weak solutions when D>0 and a<0, and 
a weak solution when <0 and a<0; and that if b<0 and a>0, then Eq. (8.1) has no 
solution. These conclusions agree with the result obtained by Watson*. Now we show the 
typical expressions for ¢=u/U. 


(1) Strong solutions for b>0 and a>0: 


G1 paZie on Deep Z , (o=W2) 
$= 11427) ert ZL 27 exp (—Z) - Co 
paltarz(s 72 \a-ert Fad +Z\exp(—Z4, (a=3/2) 
Oe (1 4724 aA (ert Z y+ 2 V5Z+2Z!) Ray C2 


(2) Strong and weak solutions for D>0 and a<0: 


pias OP (Nena rails )y- a 
g@=1—(14+ A Di Z) exp (—Z*) , (a= — 12) 
d=1—U—22”) exp'(—Z) 4+ A{Z+(1—22”) exp (—Z*) Di Z} ; (a=—3/2) 
$=Z?+(38Z—2Z*)(A+Di Z) exp (—Z?) , (a=—2) 


wk (1 AZ? =Z*) exp (—Z)+ A(SZ 27*-+(3—-122?+4Z% exp(—Z DiZ}, 


(a= —5/2) 
(3) Weak? solutions for b<0 and a<0: ¢ 
CHAS (ey IS) eet) 
p= Vee ex ; 
teenie No Je KEP 


a It should be noted here that Watson’s notation is different from ours: a, 6, a and Z in the present 
paper correspond to a/v, —2b/v, —ba/|b| and 7 in Watson’s paper, respectively. 
+ Weak solutions in (2) and (8) tend to unity as 7°”. 
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¢=1—(1—erf Z) exp Z?, . (a=—1/2) 
g=14+2n-12Z—(14+2Z7)(1—erf Z) exp Z?, (a= —3/2) 
gern nl( : Z-+ “ae erf Z)exp Z*, (a= —2) 
p=1t-S 674229) @ AZ ae erf Z) exp Z?, (a= —5/2) 
Table II. Skin friction 7 for the case where Z=|0d|'/2C/2, and J and K are the modi- 
U= Yily){bt+ Y(y)}. fied Bessel functions. When b>0 and a<0O, 
t=pv? Vi(y){bt + Y(y)}* 77/0). the integration constant A cannot be deter- | 
Ct es ee ~—|Case of ‘Mined from the boundary conditions. (When | 
b<0 | | b>0 a is not a negative integer, A=0O gives the © 
EER $'(0) ~~ strong solution.) The value of d¢/dZ at the | 
Values Values 
of a | |. OL va 
a>0 | no solution | 
aise! 2/2ef T°(1/4)}-2 =0.6760 
—0.5 Qn-1/2 =1.128 (0) 
—l mi/2 a= AA 0.5 
—1.5 An—1/2 SS) TAY 1 
—2 (3/2) 1/2 =2),009 eS: 
—2.5 (16/3)n-1/2 =3.009 2 
not uniquely determined a<0 


0,5) 


O | 2 3 4 5 


Fig. 6(a). Similar velocity profiles when d=e=0, 
a>0 and 6>0. (Strong solution a=0 is given 
by Blasius and is shown for comparison.) 


Coa ac 4 6 8 


Fig. 6(c). Similar velocity profiles when d=e=0, 
Fig. 6(b). Similar velosity profiles when d=e=0, a<0 and 6>0. (Superpositions of solid and 


a>0O and 6<0. broken lines give the velocity distributions.) 
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wall (Z=0) is »/2gr/oU. This is given in 
Table II. The velocity distributions for: these 
cases are shown in Figs. 6(a), 6(b) and 6(c). 


$9. Summary 


Conditions for the existence of similar solu- 
tions for the quasi-two-dimensional incom- 
pressible laminar boundary layer have been 
obtained. Since the steady cases have been 
already investigated in our previous paper®, 
the present paper is concerned with the un- 
steady cases. All the possible cases are in- 
vestigated in detail, which are characterized 
by the condition that the velocity at the outer 
edge of the boundary layer U must be pro- 
portional to 


Yi(y) exp {at/Y(y)} , 
¥i( yt YC) }”, 

or 
eae LACM Aeb a Vy) i. 
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velocity as exp (—z?), e-* or z~”, respectively. 
Numerical solutions have been obtained by 
means of electronic digital computers. The 
results are summarized in Table III. 
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On the Quasi-two-dimensional Laminar Boundary Layer 
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ao a 3 a 
ABC at ++ De (0BCu)+ ay (0CAv) +>" (0ABw)=0 , (ils) 
DO ea 0 
Ba. sh ‘A ae (0Bu)+ ae (0oBw)=0 . (10) 
Column Line Should be read 
208 right D5 Then For the steady flow, 
208 right 35 Gur du ro 
at ae 0é 
208 right 37 oF eee OL 
at =O) aE U aE 
208 right 37 ML el _ wo 
at: ween: aoe 
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Two-Dimensional Viscous Flow part a Rotationally- 


Oscillating Circular Cylinder 
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Neyagawa, Osaka 


(Received July 27, 1961) 


Two-dimensional flow of a viscous incompressible fluid past a rota- 
tionally-oscillating circular cylinder is investigated on the basis of Oseen’s 
equations of motion. The cylinder is assumed to oscillate about its axis 
periodically. It is found that the solution is composed of a steady part 
and a periodic part, the latter of which is due to the periodic motion of 
the cylinder. The forces acting on the cylinder are calculated by two 
different methods; in one method the law of momentum conservation is 
applied to the flow region surrounded by a large control surface, while 
in the other the viscous stresses on the surface of the cylinder are 
integrated. The results by these two methods do not agree with each 
other, however, and there appears to exist something like Garstang’s 


paradox. The flow field is calculated numerically at several instants of 
time in one period, and the flow patterns are shown graphically. 


$1. Introduction 


The two-dimensional steady flow of a 
viscous fluid past a circular cylinder was in- 
vestigated by many authors (Goldstein”, 
Faxén”, Tomotika and Aoi®, Tomotika and 
Miyagi*’) on the basis of Oseen’s equations 
of motion. The steady flow pattern around 
the cylinder can be drawn using the numeri- 
cal results by these authors (the flow pattern 
at Reynolds number 4.0 is given in Reference 


4), 
Recently, Lin® discussed the periodically- 
oscillating wake of a cylinder using Oseen’s 
linearized equations of motion. He investi- 
gated the asymptotic behaviour of the solu- 
tion which is periodic with respect to time. 
His discussions are quite general, and, as 
suggested by von Karman, they can be ap- 
plied to the wake behind an oscillating aero- 
foil. It will be very interesting if one can 
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find the relationship between the above oscil- 
latory wake and the periodic motion of the 
aerofoil. 

As a first step towards this problem, we 
here consider the flow field past a circular 
cylinder oscillating periodically about its axis. 
For simplicity, however, we shall confine our 
considerations to the flow at small Reynolds 
numbers and deal with Oseen’s linearized 
equations of motion. It is found that the 
solution is composed of a steady part anda 
periodic part, the latter of which is caused 
by the oscillatory motion of the cylinder. 

The forces acting on the cylinder at any 
instant of time may be calculated by two 
different methods; in one method the law of 
momentum conservation is applied to the flow 
region surrounded by a large control surface, 
while in the other the viscous stresses over 
the surface of the cylinder are integrated. 
It is found that the drag is constant irrespec- 
tively of the time and is the same as that 
in the case of steady flow; in other words, 
the drag is not affected by the oscillation of 
the cylinder. On the other hand, the lift 
varies periodically with time. It takes dif- 
ferent numerical values depending on the 
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method of calculation and this situation 
seems to be similar to Garstang’s paradox® 
in the case of flow past a rotating circular 
cylinder. 

Details of the flow field at an arbitrary in- 
stant of time can be obtained by numerical 
calculation of the .present solution and we 
here give the flow patterns at four different 
phases of the periodic oscillation of the cylin- 
der. These flow patterns show clearly how 
vortices are shed in one period from the 
frictional layer on the surface of the cylinder. 
§2. Oseen’s Equations 

Boundary Conditions 


of Motion and 


Let us consider the two-dimensional un- 
steady flow of a viscous incompressible fluid 
past a circular cylinder oscillating periodical- 
ly about its axis. We take the two-dimen- 
sional Cartesian coordinate system (x, y) in 
the plane of fluid motion in such a way that 
the origin coincides with the centre of the 
circular cylinder and the x-axis is along the 
direction of the uniform stream. Then, 
Oseen’s equations of motion and the equation 
of continuity can be written as: 


Ou, 7,0u a) 

reer dligy, Sette 

Ov Ov 1 Op 

Yue 

ot Ox 0 Biylaon ses oe 
au, a0 _ 
Ox oy” 


where U is the velocity of the uniform stream at infinity, « and v are the x- and y-com- 
ponents of the fluid velocity, o is the density, » the coefficient of kinematic viscosity, p the 


pressure, ¢ the time and 4 stands for 6°/Ox*+0?/dy?. The last equation is satisfied by the 
stream function ¢~ such that 


OY) 


eae (2) 


Thus, eliminating p from the akove equations, we obtain the equation of motion in terms 


of ¢ as follows: 
0 iL @ 
Al 4— 2k — \p= 
( ox »v Ot \e i 


(3) 
where k=U/2p., 


In the Present Problem, the boundary conditions at infinity and on the surface of the 
cylinder with the radius a are given, respectively, as follows: 


PAUL 


ur=0 ; 


v->0 


ue=—O Re (e**) 


for roo, 
\ (4) 


at ni r=a@s 
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where (7, @) is the polar coordinates, wu and uw are the r- and #-components of the velocity, 
and 0 and wo the velocity amplitude and the angular frequency of the oscillatory motion of 
the cylinder respectively. 


$3. Method of Solution 


In order to obtain the solution of the above boundary value problem, we decompose the 
stream function in the following form: 


d= ¢stdu ’ (5) 


where and hereafter subscripts s and u denote the steady and unsteady parts of the motion 
respectively. The stream functions ¢; and ¢u must satisfy Eq. (3) separately, and the 
boundary conditions (4) are split up into the following two parts for the steady and un- 
steady parts of the motion: 


us—>U , Vs > 0 for Katara (6) 
(Cis) —O- (us)e=0 aie (P=? : 
Wu —>0, Vu — 0 for itis (7) 
Gear=0 . (ux)jo=—O Re (e*) at r=a. : 


The steady solution of Eq. (3) subject to the boundary conditions (6) has already been: 
obtained by Tomotika and Miyagi (see Reference 4) in the following form: 


¢s=Ur sin 6—bo9 + > Bn Gaz sin 70 
n=1 
6 
+ bo | kr[Ki(kr)+ Ko(kr) cos dje*” °°8 ° dé 
0 
+ ekr 0089 Sb Ka(kr) sin n0 , (8) 
n=0 


where Kn is the modified Bessel function of order m, and the dn’s and the Bn’s are the 
constants which satisfy the following set of algebraic equations: 


Cs-1 = > Cnln+s(ka)Kn(ka)=0 5 s=l, 2, els ap 
n=0 
= —U S==(0) 
CnIn—s(ka) Kn ka ={ : ‘ 
BS ee Or Saath, Wp) 20%, (9) 
Oo=63 ) Ci=N Br : NG 2; 3 Dg 
co =h(b»—=") ee ee , N=\r PA Sevitcier 
Dany 2a 


Now we proceed to find the unsteady part of the solution ¢u. It is obvious from the: 
symmetry of Eq. (3) with respect to y that the symmetric and antisymmetric stream func- 
tions can be the solutions of Eg. (3) respectively. Then the symmetry of the boundary 
conditions (7) with respect to 0, or y (=rsin@), shows clearly that the antisymmetric part 
of ¢. must be zero identically. Thus, the unsteady solution ¢u which is a symmetric func- 
tion of @ may be written as: 


du= Re Hi 3S an GEMS cos nO-+ekr ee? S* By Knldr) cos nol et 
n=1 a as 


with 


RaR+e , 
v 
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where the an’s and the Bn’s are imaginary constants to be determined by the boundary con- 
ditions on the surface of the cylinder. In the above solution, the term representing the 


circulation, namely: 
¢u,o=Re | (2 In pe | 
a 


has been omitted because of the one-valuedness of the pressure. _ 
Applying the boundary conditions (7) to the solution (10) and making use of the formulae: 


ekr 08 9 T,(hy) +2 S\ Ip(kr) cos pO , 
pH=1 
er 05 © cos nO=In(kr) +S [In-r(br) + Inv nl kr)] cos £9 , os 
p=1 . 
okr e083 sin nO= S [In—»(kr)—Inse(kN)] sin pO , | 
p=l1 


we have the following infinite set of algebraic equations for determining the an’s and the 


pn’s: 


co rf) ‘ ; 
ae Bn | 5p Cater Kaan) | a =—@9 ; 
> Bn |” 2 {In+s(kr) Kn(Ar)} =F sInss(kr) Kalan) | ali) - Sta)4 2. i OS ; (12) 
aes y 2 
= —2 3 Palleu(k) Kalan rns ; ine oe 


n=-c 


$4. Forces experienced by the Cylinder 


There are two different methods for calculating the forces acting on the cylinder. First, 
we may apply the law of the conservation of momentum to the two-dimensional flow region 
W surrounded by a large control circle ¥. Integrating the Navier-Stokes equations over 
the region W, we have the following expressions for the drag X and the lift Y exerted on 
a unit length of the cylinder: 


~X=p\| uns o| | Um +u)+mv} 4 ae mot a , 
(13) 


-¥=p\| ste | [ +0) +m} wee maz, 
w Ot D> 0 


where C=dv/dx—du/dy is the velocity, and (J, m) denote the direction cosines of the outward 
normal to the curve ¥. The above formulae can be linearized using the Oseen’s approxi- 
mation, and we have 


-X'=0| Ft dS-+6U| Ind + 0 (2 +mc)az 
w ot > =\e 


a (14) 
-Y'=ol| 7 aS +00 | na + o| (A — nea, 
w Ot > a Ie 


where X’ and Y’ denote the drag and lift calculated by the linearized formulae. Here we 
have used the relations; | Zig (eerana Ulu+mv)ds=0. 
= >) 


Another method of calculating the forces is to integrate the viscous stresses on the 
surface of the cylinder, and this method gives (see Reference 3) 


1961, Viscous Flow past a Oscillating Cylinder 2333 


ae o| (2 +m most dC , 
c\ e 


ss Yo=o\ ieee a loot dC ; 
0 oO 


t 


(15) 


where (Jc, mc) is the direction cosines of the outward normal to the circumference C of the 
cylinder, and the suffix C to the integral implies the contour integration along the circum- 
ference C. The pressure in the formulae (14) and (15) can be given as follows by integrat- 
ing Oseen’s equations of motion: 


Da 9 yp OP. Otay 
= (oe 
oat ata or egies oy Us) 


where subscript # means the harmonic part of the solutions (8) and (10). 


Substituting the solutions (8) and (10) and the expression (16) into the formulae (14) and 
(15), we obtain the forces acting on a unit length of the cylinder as follows: 


X’=2napUB , Y’=2zao Re (taiwe'”*) , \ 


ff 
Xo=2napUBo , Yo= Y’+z2aoU@O Re (e'*") . ny 


From the above results it will readily be seen that the drag is the same as that in the 
steady case (see Reference 3). It is rather strange, however, that the two methods give 
different values to the lift. This situation seems to be quite similar to that of the so-called 
Garstang’s paradox in the case of flow past a rotating circular cylinder, and it may be 
ascribed to the fact that Oseen’s approximate equations do not satisfy the law of the momentum 
conservation. Since the difference between the two values of the lift is comparable with 
the coincident terms, this part of the result may not be taken as reliable. 


$5. Change of Flow Pattern in One Period 


The instantaneous flow fields are obtained through numerical calculations of the solutions 
(8) and (10). It is generally recognized that in the steady cases Oseen’s approximation 
gives fairly good results for Reynolds numbers up to the order of unity. In the present 
calculation we have taken the value of Reynolds number as R=4ka=4. Further, the 
Strouhal number S and the angular amplitude of oscillation @. have been chosen as: 


ib GO (xy (5) 
== a ; Oo= == oul , (18) 
2nxka v Qn coer Oi Pa 


where in the latter expression the value of different phases as shown in Fig. 1. Fig. 2 
9/U has been taken as 2. The calculations shows the flow pattern at the phase cor- 
of the flow pattern have been carried out at responding to the maximum angular dis- 
several instants in one period of oscillation. placement of the cylinder. In this figure, 
The solution (10) has been calculated up to 


the third term and the solution (8) up to the ee 
fifth term. The numerical calculation of the — Se 


flow pattern has been carried out at four ‘ 
~ QO) 
Fig. 3 


Phases , aon eee 
Fig.4 ine. 
Fig.5 eer 
Fig.2 
Fig. 1. Illustration of phases corresponding to Fig. 2. Calculated streamlines past a rotationally- 


Figs. 2~5. oscillating circular cylinder. 
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there is a closed streamline around the 
cylinder, and the fluid inside oscillates to- 
gether with the cylinder. Within this closed 
streamline there exists a vortex on the 
downstream side of the cylinder, and at this 
instant of time this vortex whirls in the 
counter-clockwise sense. Figs. 3, 4 and 5 
show successively the flow patterns at three 
instants when 1/8, 1/4 and 3/8 of one period 
have elapsed respectively since the instant 
corresponding to Fig. 2. It is obvious that 
the flow patterns at various instants in the 
subsequent half-period can be obtained by 
the reflection of Figs. 2~5 with respect to 
the x-axis, and the vortices shed in this half- 


i 


Fig. 3. Calculated streamlines past a rotationally- 
oscillating circular cylinder. 


i 


Fig. 4. Calculated streamlines past a rotationally- 
oscillating circular cylinder. 


Fig. 5. Calculated streamlines past a rotationally- 
oscillating circular cylinder. 
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period are of the clockwise sense. We can 
observe from these results how vortices are 
generated inside the frictional layer on the 
surface of the cylinder and are shed into the 
outer flow region. 

In Figs. 2, 3, 4 and 5 the centre of the 
vortex is located at 1.17a, 1.53a, 1.94a and 
2.38a respectively downstream from _ the 
centre of the cylinder, so that the average 
velocity V of the vortex during this 3/8 
period is given by 

_2.38a—l. 7a _ 1.21 8 @o Uj27 


Vz = 


1.740; 
2r/w x 3/8 2rimers Aig PkGias 


(19) 


The flow pattern at an instant by a half- 
period later that corresponding to Fig. 2 is 
obtained by reflecting Fig. 2 with respect to 
the x-axis, and we observe in this figure that 
the vortex has already vanished. 

Thus it seems impossible to obtain, at this 
small value of Reynolds number, a clear 
double-row structure of the velocity field 
which corresponds to the Karman vortex 
street in an inviscid fluid. In order to derive 
theoretically the double-row vortices in the 
wake of a cylinder, we have to calculate the 
flow pattern at much higher Reynolds 
numbers. The important problem of finding 
the relationship between the linear dimension 
of the vortex street and the size of the 
cylinder as well as the relationship between 
the phase velocity of the vortices and the 
velocity of the uniform stream might be 
solved if the detailed structure of the veloci- 
ty field at larger Reynolds numbers would 
be found by numerical calculations. 
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Structure and Properties of A-Centers in KCl 


By Kazuko KOJIMA, Noriko NISHIMAKI 
and Tadanobu KOJIMA 
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Errata 


Gamma Rays from Neutron Inelastic Scattering of Magnesium. 
Aluminum, Iron and Bismuth 


By Masano HOSOE and Shoji SUZUKI 
J. Phys. Soc. Japan 14 (1959) 699 


P. 706 The value of 2.436 in Eq. (9) should be changed to 1.684. 


Eq. (10) is incorrect (Private communication, D. M. Van Patter, May 25, 1961). 
Such errors might not be so remarkable that the final result should be changed. 


Short Notes 
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This section is intended to secure prompt publication of important discoveries in 


physics. 


The reports should not exceed 800 words in length. A figure of size, 
7cmxX7cm will be counted as 150 words. 
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Relativistic Correction to the Method of 
Eliminating the Primary Extinction 
in Electron Diffraction 
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Two of the present authors (G. H and N. K.) 
proposed previously a method of obtaining the 
kinematical values of reflexions in electron diffrac- 
tion by extrapolation of the observed intensities 
at various wave-lengths 4 to the limit 4=0”. Their 
method was based on the theory of primary ex- 
tinction, according to which the observed intensity 
I, is approximately given by 


1 2 
Th=K-exp (— 34 )-loalt, SS 


A-|vn|-D , 
(1) 


so long as A is small, where D is the effective 
crystal thickness, v, the Fourier potential and 
K a constant of the reflexion concerned. 

Recently, another of the authors (K. F.) has 
emphasized the practical importance of the rela- 
tivistic correction factor in scattering formulae of 
electron diffraction?), which had beed introduced 
previously by Laue?) and is due to the relativistic 
correction of electron mass. Since, however, the 
electron mass appears in scattering formulae of 
electrons always combined with y,, the relativistic 
revision of current kinematical and dynamical 
theories of electron diffraction can be obtained 
merely by the replacement of Fourier potential as 
follows: 


(2) 


Then, the logarithm of a relative intensity is ex- 
pressed, when corrected for the relativistic effect, 
as 


h2 Ns 


oe 
MC? 22 


1 


a Tn 8 |vp| —5( 2nMve i 
Tn’ lUn7| 3 he 


h2 
(a+ oe) Clonl? lone) D+. (3) 


Since the term C is a geometrical quantity, the | 
relative value of |v,|/|v,-| is obtained at the virtual 
limit A2=(22+h?2/m2c?)=0, but not at the limit 
#2=0 as was proposed previously. The quantity 
h/moC corresponds to Compton wave-length 0.0243 Ad 


Ln (L200/Laeg) 


Dior 


Fig. 1 shows the variation with wave-length of the 
observed intensity ratio Igo9/I492 in powder patterns 
from an evaporated sodium fluoride film of mean 
crystal size about 200A. The limiting values of 
|veo0|/|v422| are 3.74+40.07 and 3.42+0.07 at A=0 
and A4=0, respectively. The difference between | 
these values is about five percent and is of the order 
of that between the values of Fourier potentials 
calculated on various models, say, neutral’ and 
ionic states, of atoms. If Fourier potential and 
mean crystal size are larger than those in the 
persent case, the difference may be more serious. 
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Electron Spin Resonance 
of Diluted (NH;)Fe(SO.).12H:0 


By Shigeru MAEKAWA 
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ESR studies have been made on NH,-Fe alum, 
<NH,)Fe(SO,)212H,0, diluted with non-magnetic iso- 
morphous NH,-Al alum, (NH,)AI(SO,).12H,O. Earlier 
experiments!) on this complex salt could only split 
the fine structure incompletely. Bleaney and 
‘Trenam2) attributed this incomplete splitting mainly 
‘to the inhomogeneity in the crystalline fields in 
different parts of the crystal. This note reports 
‘the angular dependence of more resolved lines in 
this salt. 

Single crystal of the atomic ratio Fe: Al as 1: 
100 was carefully grown from a saturated aqueous 
-solution lowering temperature at the rate of 1.0°C/ 
-day within the accuracy of +(1/50)°C. The ESR 
measurements were made using a 3-cm wave length 
:apparatus of the reflection type. 

As is shown in Fig. 1, fine structure lines are 
-well resolved and their variations with angle in the 
(001) plane at room temperature are shown in Fig. 
2. In Fig. 2, the displacements of the main and 
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subsidiary maxima from 0° and 45° respectively, 
reveal that the cubic axes of the crystalline fields 
incline from those of the crystal. The rotation 
angle, ¢, of the cubic axes of the crystalline fields 


Fe:Al= 1:100 


dx"/dH 


3000 3500 H (oe) 


Fig. 1 A typical trace of the resonance line in the 
(001) plane at room temperature. 


about the [111] axis of the crystal is estimated to 


be 10°. It is therefore concluded that this alum has 
the a-type structure’) at room temperature. The 
cubic field parameter, |a|, is about 0.012cm-!. The 


trigonal field parameter, | D|, is much smaller than 
|a|, and is estimated to be 0.005 cm-!. On the other 
hand, Ubbink et al. gave | D|=0.016 cm~! at 4.2°K”. 
To investigate the origin for the difference between 
these two results, measurements of the temperature 
dependence of the spectrum are in progress. 


Fe: Al =1:!100 


Pig. 2 
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Electron Spin Resonance in Irradiated 
Polytetrafluoroethylene: Temperature 
Dependence of the Spectra 
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We have shown in the previous paper that the 
ESR spectrum of polytetrafluoroethylene irradiated 
in vacuum at room temperature is composed of at 
least three kinds of curves, i.e. double quintet, 
triplet, and smeared out broad line!). The double 
quintet spectrum with doublet splitting of 87 gauss 
and quintet splittings of 32 gauss is due to the 
radical ~CF;-CF-CF,~, a-fluorine giving the doublet 
and four @-fluorines quintet. 

In the present paper the temperature dependences 
of the spectral shape will be examined and some 
discussions will be given in the relation between 
the spectral changes and the properties and struc- 
tures of the polymers. 


(a) 300°K 


(b) 77°K 


100 gauss 


Fig. 1. ESR spectra of irradiated polytetrafluoro- 
ethylene taken at 300°K (a) and at 77°K (b). 


Fig. 1 (a) shows a derivative tracing of the double 
quintet spectrum obtained at 300°K for the sample 
(Polyflon) irradiated with electrons from a Van de 
Graaff accelerator with dose of up to 109 rad. 
Other components except double quintet were 
eliminated by warming up the sample as previously 
reported!). This spectrum was found to vary its 
shape with temperature. The widths of the com- 
ponent lines become broader with decreasing tem- 
perature in the region of crystalline phase transition, 
where the rotational motion of molecular chains is 
reported to cease according to the nuclear magnetic 
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resonance studies. For 109 rad irradiated sample this: 
transition in the line width was observed to shift 
to lower temperature compared with the samples: 
irradiated with lower dosage, probably because the: 
high dosage produces a larger number of defects. 
and chain scissions in the crystalline regions, in- 
creasing the molecular mobilities. 

Broadening of the, line width in ESR with de- 
creasing temperature here may be ascribed to the 
variation of anisotropic hyperfine splitting arising 
from the dipole-dipole interaction between the un- 
paired electron and fluorine nuclei. This broadening 
of line width was compared for the irradiated 
sample of low dosage with that of broad component 
line in NMR. For 5x10’r irradiated sample with 
60Co 7 rays the transition temperature 7 was found 
to be 300°K for ESR and 287°K for NMR. The 
correlation frequencies ve of molecular motions at 
these temperatures were calculated from the values 
of line widths according to the method of Gutowsky”). 
The values of ve calculated for ESR and NMR are 
2.1x10%c/s and 4.0x104c/s respectively. The de- 
pendence of ve on temperature may be written as 


(1) 


Using the above values of ve and 7 for ESR and 
NMR and assuming a straight line for log ve vs 
T plot an apparent activation energy H of 79 kcal/’ 
mole was obtained. This value agrees fairly well 
with the activation energy of 70 kcal/mole deter- 
mined by Wada?) for this transition from the 
transition map of mechanical dispersion. These 
results indicate that the above transition of the 
ESR lines is ascribed to the similar mechanism to. 
the transitions found in the NMR and the dynamic 
mechanical properties. 


Vve=v9 exp(—EH/RT) . 


With decreasing temperature in the temperature 
region succeeding the region where the line width 
broadens the variation of the isotropic hyperfine 
splitting was observed. Fig. 1(b) shows the trans- 
formed spectrum observed at 77°K, which can be in- 
terpreted as consisting of double quintet, the splitting 
of doublet being 87 gauss, but those of quintet 61 
gauss, with fine structures on each line. The 
change of the quintet splitting from 32 gauss to. 
61 gauss indicates that some change has occurred 
in the interaction of the unpaired electron with 
four f#-fluorines. This result may tentatively be 
interpreted by considering that at low temperature 
when the molecular chains are in the rigid state, 
the quintet splittings will be determined by the 
positions of @-fluorines relative to the p orbital of 
the radical carbon atom, whereas at high tem- 
perature when they are in motional or rotational 
states, the splittings from four @-fluorines will 
average to small values of 32 gauss. 


The author is deeply indebted to Dr. K. Shinohara. 
for his encouragement and interest. 
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Activation Energy of Acceptors Introduced 
into Germanium by Plastic Twisting 


by Osamu RYUZAN 
Semiconductor Dep., Kobe Kogyo Corp., Kobe 
(Received May 29, 1961) 


It has been known that dislocation acceptors can 
‘be introduced into germanium crystal by plastic 
bending at temperature above 500°C. Pearson, Read, 
Morin!), and Tweet?) found that the acceptor levels 
lie 0.2eV bellow the conduction band and 0.15eV 
above the valence band. Acceptors can be intro- 
duced in the same way by plastic twisting. One 
of these acceptor levels was determined in this note 
from the measurements of temperature variation of 
Hall coefficient and resistivity. 

The samples were obtained from an antimony- 
doped zone leveled crystal grown in the <111> direc- 
tion. The room temperature resistivity was 30~40 
ohm-cm n-type. Bars were cut from the crystal 
whose dimensions were about 2mmx3mmX20 mm, 
with the long axis of the bars along the <111> direc- 
tion. In order to minimize the effect of contamina- 
tion on a specimen at elevated temperature, samples 
were covered with films made by vacuum-evapora- 
tion of gold which were sandblasted and etched 
after twisting. 

Specimens were heated to 600°C in argon atmos- 
phere and held at that temperature for approxi- 
mately 40 seconds during deformation by twisting 
about <111> direction and then cooled rapidly. 
These treatments were performed within 5 minutes. 
These specimens were converted to p-type, where 
twist angles were usually larger than a few degrees 
per centimeter. A bar of dimensions about 1mm 
x2mm>X18mm was cut from the twisted bar, with 
the long axis parallel to the twist axis and magnetic 
field was applied at right angle to that axis in 
which the direction of current was parallel to the 
same axis. The results of measurements of Hall 
coefficient and resistivity are presented in Fig. 1. 

On the other hand, it was confirmed that no ap- 
preciable change of the resistivity beyond experi- 
mental error was caused in the specimen by the 
heat treatment under the same conditions as for the 
deformed specimens and that such an acceptor level 
tas found in the twisted sample was not observed 
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Fig. 1. Hall coefficient and resistivity vs 1/T plots 
for a sample plastically deformed by twisting, 
where the angle of twist is 9.8°/cem. This sample 
is slightly p-type converted from n-type by the 
deformation. The straight line portion of these 
curves indicates an acceptor level thus introduced 


into germanium. 
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Fig. 2. Hole concentration vs 1/T plot for the same 
sameple as in Fig. 1. The points are computed 


from the data obtained in Fig. 1. and Fig. 3. 


before twisting. This suggests that the acceptor 
level which appeared in the twisted specimen is not 
introduced thermally but is associated with disloca- 
tions or other lattice defects produced by the plastic 
twisting. 
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Values of the electron and the hole mobility in 
the deformed crystal which were used to calculate 
the hole density were determined experimentally 
from data of the extrinsic samples shown in Fig. 
3., neglecting small differences of twist angles. The 
hole density is plotted against 1/7 (°K)-1 in Fig. 2. 
indicating activation energy of 0.06eV, 
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Fig. 3. Hall mobility of electron and hole vs 1/T 
plots for the sample plastically deformed by 
twisting. 


The electron mobility at room temperature decrea- 
ses as the twist angle increases, but the hole 
mobility remains nearly constant. The mobility of 
electron and hole in the twisted samples have a 
characteristic temperature dependence, that is, the 
electron mobility is approximately constant in the 
range 300°K to 90°K, but the hole mobility is in- 
creased according to about 7-1-5 in this range as 
shwon in Fig. 3. 

These results suggest that electrical properties of 
a twisted crystal are somewhat different from those 
of a bent crystal3), 
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Magnetic Properties of Chromium Oxide 
Modified by Vanadium Oxide 


By Buichi KuBoTA, Tomozo NISHIKAWA 
and Akira YANASE 


Research Department, Wireless Division, 
Matsushita Electric Industrial Co., Ltd. 
Kadoma-cho, Kitakawachi-gun, Osaka-fu, Japan- 
(Received July 7, 1961) 


The magnetic properties of chromium dioxide 
modified by vanadinm oxide were studied. 

Specimens were prepared essentially in the same 
way as that described in early papers!, 2). A mixture 
of chromic acid anhydride and ammonium meta- 
vanadate were prepared by concentrating and dry- 
ing the aqueous solution of chromic acid and am- 
monium meta-vanadate on a water bath. The speci- 
mens were prepared by heating the mixture under 
an oxygen pressure of 700 atmospheres at 410°C. 
for 14 hours. 

The results of X-ray analysis and magnetic. 
measurements of these specimens are shown in Table 
1. It was found that the X-ray diffraction patterns. 
of specimens incorporated with vanadium oxide ex- 
hibit broadening peaks. Magnetic measurements. 
were done by a magnetic balance. In Fig. 1 the 
temperature dependence of the magnetization at low 
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Table 1. X-ray analysis and magnetic properties of Cri_-2VzO> 
contents of Curie | paramagnetic Curie | ‘ 
‘ | Curi 
vanadium temperature ietitpavntire yal constant lattice constant X-ray analysis 
x Te(°K) 8p(°K) C(emu/gr) x10 ao(A) —en(A) 
0.00 389.5 414 16.4 4.421 2.916 | CrO; single phase 
0.01 389.5 411 14.3 4.425 2.916 y 
0.02 385.5 411 12.8 4,427 2.915 y 
0.03 384.5 408 13.9 4.427 2.916 y 
0.05 381.5 399 Der 4.429 2.914 y 
0.06 363.5 380 13.9 AL abs) AA) Y 
0.08 344 368 IS 4.438 2.908 y 
0.10 359 2.906 


12.8 4,44) 


temperatures is expressed as a function of 73/2 (T, 
the absolute temperature). In this study the value 
of magnetic moment was measured at a magnetic 
field of 70000Oe where the specimens would be 
saturated sufficiently. Fig. 1 shows that the varia- 
tion in saturation magnetization of CrO, with tem- 
perature is governed by the T3/2 law of Bloch. 
Hence, the saturation magnetization at 0°K can be 
obtained by extraporation. The saturation magne- 
tization was found to be 125.2 emu/gr, that is 1.89 
pwpf/ion. This value is smaller than the value, 2.04 
pzlfion obtained by S. Siratori et al?) and the value, 
2.01 wz/ion obtained early by the authors. This 
result, however, is thought to be more reliable than 
the previous one because the accuracy of the measure- 
ments has been improved. From theoretical con- 
siderations, it seems reasonable to conclude that 
the magnetic moment per ion is smaller than 2.00 
pz/ion. 

The variation in magnetization as a function of 
temperature of CrO; incorporated with vanadium ion 
is not governed by the law of Bloch. Accordingly, 
saturation moments at 0°K obtained by extrapora- 
tion do not seem to be reliable. It should be noted 
that chromium ions of different valencies may occur 
when vanadium ions are dissolved in CrO2. In view 
of the results of both saturation magnetization and 
paramagnetic susceptibility measurements (as shown 
in Fig. 2) it seems reasonable to conclude that the 
magnesic moments of the vanadium ions and chrome 
ions other than Cr4+ couple ferromagnetically with 
the moment of Crt. 
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Luminescence Accompanied by Electrolysis 
in CdS Single Crystals 


By Eiichi MARUYAMA 


Hitachi Central Research Laboratory, 
Kokubunji, Tokyo 


(Received September 1, 1961) 


A conducting CdS crystal, doped with chlorine, 
makes a rectifying contact to electrolyte solution. 
Williams!) has reported that by the use of a crystal 
around 10Qcm in resistivity at room temperature 
a saturation reverse current (that is: the crystal is 
positively biased to the solution) of the order of 
10-10 A is achieved in the dark and that voltages of 
120 V may be applied without catastrophic break- 
down of the crystal. 


ELECTRODE 


LUMINESCENCE 


ECTROLYTE SOLUTION 


Fig. 1. Schematic drawing of apparatus for ob- 
serving the luminescence at CdS-electrolyte 
contact surface. 


The case of a crystal about 10-1.Qcm in resis- 
tivity, however, is quite different. The reverse 
dark current rises at first proportionally to the ap- 
plied voltage. This proportionality breaks above 
2-3V. At 20-25V a negative-resistance region 
appears, and then the current begins to rise more 
rapidly. This breakdown is rather soft and ac- 
companied by orange luminescence in the CdS- 
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electrolyte contact surface (Fig. 1). I-V character- 
istic of the cell with IMKCI solution and with 
a calomel counter-electrode is given in Fig. 2. For 
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B Fig. 2. Log-log plot of current-voltage character- 
istic of the cell. Luminescence has been 
detected above point A. 


the observation of the phenomenon NaH,POQO, solu- 
tion is more satisfactory. 

Together with the luminescence, electrolysis of 
the solution and electrical decomposition of the 
crystal are also observed. If the reaction is kept 
on for a period of several tens of second, a yellow 
layer of sulfur forms on the face of the crystal, 
and when the crystal is fully decomposed, no lumi- 
nescence can be seen anymore. 


INTENSITY OF EMISSION 


RELATIVE 


550 600 ‘650 


Amp) 
Fig. 3. Spectral distribution of the luminescent 
emission. These curves were obtained from one 
same crystal and several different electrolytes. 
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By means of spectroscopic observation, it has 
been found that the luminescence has a broad band 
around 600 mp and that its spectral distribution is 
dependent on the kind of negative ions in the 
electrolyte solution. Sometimes “ fine structures ” 
composed of two or three peaks are observed 
(Fig. 3). 

Proportionality between the emission intensity 
and the current has been verified in the large- 
current region, though the emission occurs rather 
abruptly near point A in Fig. 2, around where any 
proportionality between the intensity and either the 
current or the decomposition rate of the crystal 
does not hold. The emission intensity is rather 
voltage- than current-dependent in the negative- 
resistance region. It is concluded, therefore, that 
this luminescence is not caused by chemical reac- 
tion of the crystal, but is a sort of electrolumines- 
cence in CdS single crystals. 

Interesting features of the phenomenon are as 
follows: 

1) This is clearly a surface-luminescence, so that 
“fine structures” of the spectral distribution may 
provide with some information concerning the sur- 
face of the crystal. 

2) Minority carrier injection mechanism does 
not fit here since the crystals used are n-type and 
the luminescence is observed only at the negative 
electrode of the crystal. Either field-emission 
mechanism or avalanche mechanism must be quoted. 

3) The negative-ion dependence of the emission 
spectra suggests that the luminescence is caused 
by immediate recombination of injected electrons 
and trapped holes (perhaps at cation vacancies), 
while the formers are still retaining their original 
energy, but quantitative examination of this 
mechanism has not been fully successful yet. 
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The formation of superstructure of Fe;Ni 
in fine particles. 


By Yoshichika BANDO 


Department of Chemistry, Faculty of Science 
Kyoto University, Kyoto 


(Received June 21, 1961) 


The presence of the superstructure of Fe3;Ni has 
been proposed by Chino!), Hoselitz, Sucksmith2), and 
Kussmann?), but the experimental evidence is still 
lacking. This may be partly attributed to the follow- 
ing experimental difficulties. 
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(1) In addition to difficulty of X-ray technique 
caused by similar scattering factors of iron and 
nickel‘), the rate of interdiffusion of iron and nickel 
and therefore the rate of approach to the ordered 
state is very slow in iron-nickel alloys. 

(2) Iron-nickel alloys with less than 30 atomic 
per-cent nickel (Fe3;Ni), perform martensitic trans- 
formation, before they are cooled to room tempera- 
cure: 

A possible means of accelerating the formation 
of the superlattice, as proposed by Weil5), is to 
make use of the fine particles of alloys in which 
interdiffusion is fairly rapid. In this connection, 
we prepared the fine particles of iron-nickel alloy 
of about 0.2 in mean particle size by reducing a 
solid solution of oxalate containing required amounts 
of iron and nickel, in the atmosphere of hydrogen 
at 600°C for 4 hrs and cooling to room temperature. 
The alloys, thus obtained, containing more nickel 
than 25 atomic per-cent, consist of only ;-phase (f. 
c.c.) because no martensitic transformation takes 
place in such a fine particle®). 

We have examined the existence of the superstruc- 
ture by specific heat measurement of this specimens. 
Fig. 1 shows specific heat temperature curves of the 
specimens containig 29, 32, 50 and 75 atomic per- 
cent nickel. The peak at 600°C in Fig. 1 (a), which 
appears with 75 atomic per-cent nickel, shows the 
abnormal specific heat which accompanies the magne- 
tic transformation. 

In this case, the sample is not in an ordered state 
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Fig. 1. The specific heat-temperature curves of 
iron-nickel alloys. 
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of FeNis because the reduction temperature, was 
higher than the critical temperature, 500°C. With 
50 atomic per-cent nickel alloy, a small peak, which 
accompanies the magnetic transformation, is ob- 
served. With both 32 and 29 atomic per-cent nickel 
alloys, the small first peak and the large second 
peak are observed at about 600°C and about 800°C, 
respectively. The second peak at about 800°C is 
not observed with 75 and 50 atomic per-cent nickel 
samples. Consequently, it is clear that this is not 
due to the abnormal specific heat caused by the 
sintering or the recrystallization of fine powders. 
The investigation on the phase transformation dur- 
ing heating by the use of a high temperature X-ray 
camera indicated that ;-phase (f.c.c.) is slightly 
transformed to a (b.c.c.) at about 400°C and that 
this a-phase disappears again at about 600°C by 
leaving y-phase unchanged. So the first peak may 
correspond to this phase change. But the second 
peak at 800°C cannot be attributed to any of the 
sintering, the recrystallization, the magnetic trans- 
formation, and the a-7; phase transformation. The 
peak must be the abnormal specific heat which ac- 
companies the order-disorder transformation. The 
heat of transformation is about 400 cal/mol. During 
heating process, there occur sintering and shrinkage 
in the powdered specimen. Accordingly, the ex- 
perimental errors, caused by the poor heat conduc- 
tivity through the free space between the heating 
vessel and the shrinked specimen, are necessary 
brought about. Therefore, these abnormal specific 
heat peaks are not exactly A-shaped. 

The ordered state of iron-nickel (50 : 50) alloy was 
not found in this experiment, as seen in Fig. 1 (b). 

The author thanks professor S. Kachi, Faculty 
of Science, Kyoto University, for his invaluable 
discussions. 
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Young’s Moduli in Ordered and in 
Disordered States of Fe;Al Single Crystals. 


By Ken’ichi NUMAKURA 


The Research Institute for Iron, Steel 
and Other Metals. 
Tohoku University, Sendatr 


(Received July 4, 1961) 


It is very significant to measure the single crystal 
elastic constants of pure ferromagnetic metals and 
alloys. Many studies have already been performed 
on iron!), cobalt?) and nickel), but there are very 
few about alloys. It has been known that, by order- 
ing, Young’s modulus of Fe-Al polycrystal is de- 
creased4), while Young’s moduli of other common 
superlattice alloys are increaseds). Before any 
conclusion, therefore, the study on single crystals 
should be done. In the present note the variation 
of Young’s moduli with order of Fe;Al single crystals 


Table 1. 
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along <100>, <110> and <111> directions will be 
described. ; 

A cylindrical single crystal, 10mm in diameter, 
which was prepared by the Bridgman method of 
slow solidification using a vacuum induction furnace 
and the crucible-lowering rate of 10mm/hr, was. 
supplied to the present author from Mr. Wakiyama. 
Its aluminium content was analysed chemically to 
be 13.13 wt-%, and its orientation was determined 
by light-figure method®). Three small sheet crystal 
specimens extended along the three principal direc- 
tions were mechanically cut out of it, using Yama- 
moto’s crystal-cutting machine. Their strained 
surface layers were removed by etching with satu- 
rated FeCl; solution or with HNO; solution, and then. 
their surfaces were made flat by polishing very 
softly. The width and thickness of specimens thus. 
prepared are given in Table 1. Young’s moduli of 
the crystal specimens in the state annealed at 1000°C 
for three hours in a vacuum and in the state quenched 
into water from 850°C higher than the critical temper- 
ature of Fe;Al superlattice formation (about 500°C) 


Orientations, dimensions, and Young’s moduli, in annealed and in quenched 


states of Fes;Al single crystals. 


Young’s modulus (10!2 dyne/cm?) 


Ghiektanoe Width Thickness : i i : 
cm cm in the annealed an the quenched 
state | state 
<100> 0.1200 | 0.0684 | 0.92 1.07 
<110> 0.1287 0.0826 1-31 1.46 
uals 0.1172 0.0719 1.54 170 
The measured data are given in Table 1, which 
indicate that Young’s modulus for any direction is. 
\2 


Annealed 


Quenched 


Reciprocal of Young’s modulus xlOcmdyne 


<100) Sue (110) CD 
Fig. 1. Relation between the reciprocal of Young’s 
modulus and orientation function for Fe3Al single 


crystals. 


were determined in the following manner: The 
specimen laid on two knife edges, 0.901 cm apart, 
was bent by loading at its center, and the dip of 
the loaded point was measured by a microscope 
using the magnification of 1200 times?). 


higher in ordered state than in disordered state. 
Fig. 1 shows that the reciprocal of Young’s modulus. 
as a function of the orientation function 37’ =3(721722 
+7?07?3+723771), where 71, 72, 73 are direction cosines. 
referred to the crystal axes of the direction along 
whichYoung’s modulus is measured, is linear, irres- 
pective of the ordered or disordered state, as expect 
ed theoretically. 

The author wishes to express his hearty thanks: 
to Professor Y. Shirakawa for his kind advice and 
encouragement, and to Mr. Wakiyama of the Re- 
search Institute for Solid State Physics, Tokyo 
University, for his kind donation of the single 
crystal from which the crystal specimens used in. 
this work were prepared. 
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Spontaneous Magnetization in Thin 
Films of Nickel 


By Yasuo GONDO, Hiroshi KONNO and 
Zenya FUNATOGAWA 


Department of Physics, Yokohama National 
University, Yokohama 
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There are two inconsistent observations on thick- 
ness dependence of the spontaneous magnetization in 
thin films. One concludes that the magnetization 
decreases with film thickness!).2) and the other does 
that it is quite similar to the one of bulk specimens at 
room temperature.’) One reason of this disagreement 
is suspected to be due to the difference between 
the conditions of film preparation used by them. 
That is, Crittenden and Hoffman!) used a vacuum 
of the order of 10-5 mmHg, while Neugebauer?) used 
an ultra high vacuum of the order of 10-2mm Hg. 
But the difference between their methods of magnet- 
ization measurement also should be considered as 
another cause of the disagreement. The former 
used a magnetic field of less than 400 Oe, which 
was too weak to saturate the specimens, while the 
latter used one of up to 10,000 Oe, which was enough 
to saturate them. 

In order to make clear the problem, nickel films 
were prepared by evaporation from a tungsten fila- 
ment onto glass substrates held at temperature of 
100 to 200°C in a vacuum of the order of 10-5mm 
Hg during evaporation. This condition was similar 
to the Crittenden’s. Immediately after the depo- 
sition, the specimens were coated with SiO to avoid 
oxidation. The film thickness was estimated from 
the mass of evaporated nickel. The measurement 
was performed on the films without heat treatment. 

A modified torsion pendulum magnetometer has 
been used in this study, which will be reported in 
detail elsewhere.!) In this method the field up to 
10,000 Oe is applied to the specimens within the 
film plane, so all of them can be saturated. The 
error of the measured value of magnetic moment is 
less than a few per cent. The experimental error 
for the magnetization is 10% or less, which entirely 
depends upon the error of measurement of film 
thickness. 
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Fig. 2. Magnetization curves parallel and per- 
pendicular to the film plane in a nickel film 
605A thick. 


The relative spontaneous magnetization of these: 
films in the 800 to 20 A range is almost the same- 
at room temperature as that of bulk nickel, as shown 
in Fig. 1. Most of the nickel films are hardly 
saturated in the field of less than 3000 Oe, applied 
within the film plane. Measuring the magnetization 
perpendicular to the film plane, we found that there: 
is a large anisotropy with an easy axis parallel to. 
the normal to the plane. This anisotropy is sup- 
posed to be magnetoelastic one caused from the 
tensile stress within the film plane, which is calculated 
to be about 1.3x10!° dyne/cm? in this example. A 
pair of these magnetization curves obtained in a 
film 605 A thick are plotted in Fig. 2. 

We now conclude from the study that thickness. 
dependence of the spontaneous magnetization at room 
temperature was not noticed at least down to 20 A 
thick, like the experiment of Neugebauer’s, in spite 
of the difference of vacuum condition during the 
film preparation. In very thin films less than 20 A 
thick, the temperature dependence of magnetization 
curve has superparamagnetic character. These in- 
vestigations are now in progress. 
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‘On the Shock Configuration in a Perfectly 
Conducting Gas in the Presence of 
a Uniform Magnetic Field 


By Shigeki MORIOKA 


Department of Physics and Mathematics, 
Faculty of Science and Engineering, 
Ritumeikan University, Kyoto 


(Recived September 8, 1961) 


If a two-dimensional body is placed in a steady, 
uniform flow of a perfectly conducting gas in the 
presence of a uniform magnetic field parallel to 
the flow, an attached or detached shock configuration 
must occur for certain values of the Mach number 
M, and the Alfvén number <A, at infinity upstream. 
The shock wave can be transformed into the curve 
in the hodograph plane, i.e. the shock polar, which 
is fixed for given values of M, and A;. Such 
shock polars have been calculated for various 
values of M, and A; by M. N. Kogan!). They can 
be expressed as follows: on the y-@ plane, 


Ole APS le itor 
Uu A (1+ 62)a2 


a) O=tatlet (l-#)o 
SEO 


(1) 


where v and 9 denote the magnitude and the direc- 
tion of the velocity; d=tana, a is the shock 
angle; and « the roots of the following equation 
derived from the shock relations:?) 


“O.05+ 


‘Fig. 1. Shock polar and shock spine (a) for M, 
=2, A=, 2, 1.3.and (b) for M;=A,—V0.6. 
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where 7 is the ratio of the specific heats, which is3iP 
taken to be equal.to 5/3 for the numerical calcula-. 
tion. Let « denote the arc-length along the shock: 
line and 7 the arc-length along the streamline be-— 
hind the shock. Then, the following relations cani 
be derived from the equations which govern the: 
flow field: 
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Fig. 3. New types of shock configuration; a, b, c | 
belong to the corresponding regions in Fig. 2. 
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where 06/da, 1/H-0H/da, 1/p-dp/da are the functions) 
of M;, Ai, a obtained by differentiating the shock | 
relations with respect to a: | 
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and H, p, M, A denote the magnetic field intensity, 
the pressure, the Mach number, the Alfvén number 
immediately behind the shock, respectively. Eq. (3) 
expresses the relation between the curvature of 
the shock line and that of the streamline imme- 
diately behind the shock. The coefficient on the 
right-hand side of Eq. (4) gives the direction of 
the shock spine. Examples of the shock polar and 
the shock spines are shown in Figs. l-a and b for 
the cases M,;=2, Ai=oo, 2, 1.3 and the case M,;= 
A,=v 0.6, respectively. Using the relations (1) to 
(4), we can determine what kind of shock configu- 
ration is possible. As an example, for symmetric 
wedge profiles of various tip angle, new types of 
shock configuration such as shown in Figs. 3-a to 
c may be expected in the regions (a) to (c) of 
Fig. 3, respectively. Configurations similar to those 
in the ordinary gasdynamics are possible in the 
region (d). 
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On Chambers’ Solution of the Boltzmann 
Transport Equation 


By Hideo SUZUKI 
Physical Institute, Nagoya University 
(Received August 16, 1961) 


Chambers!) suggested a general solution of the: 
Boltzmann transport equation in which the motion 
of a charged particle is governed by the Lorentz 
law of force, and the collison integral is replaced 
by a phenomenological expression such as —7(k)~1 
x(f—fo), where c(k) is the relaxation time, k the 
wave vector related to the crystal momentum, and 
fo the equilibrium distribution function. His formu- 
lation is widely used in current researches. For 
examples, the derivation of Azbel’ and Kaner’s. 
result on the cyclotron resonance in metals, in 
terms of Pippard’s “ ineffectiveness ” concept, has. 
been given by Heine?). More recently Cohen, Har- 
rison, and Harrison?) have studied the magnetic- 
field dependence of the ultrasonic attenuration in 
metals by a method due to Chambers. It is our 
present purpose to disclose the generality of his 
“kinetic” argument from the first principle, and 
to show that it is an exact solution of the Boltz- 
mann equation 


(1) 


to the linear approximation, which will be described in the following. 
First, we neglect as usual the product of the non-uniform electromagnetic fields and the perturbation 


of distribution function f; (r, v, t) which is equal to f(r, v, t)—fo(L). 


fi is found to satisfy the following equation 
fi Of 
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where Hp is the constant magnetic field. Here we have used the fact that Av=o0H/dk, and that the 
operator (vx H)-d/dk applied to a function of energy H alone gives zero. Next we introduce a new set 
of coordinates in k-space, which was first introduced by Shockley*’, that is H, the projection ky of k 
along Hy, and the tube angle # defined by 


we) Chima) may (3) 
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where dk is an element of the path in k-space, vs the component of v perpendteular to Hy, and the tube: 
‘mass ma is given by 


ma(ka)=(h/2n) ¢ vi dk . (4) 
‘The essential property of ¢ is that it obeys the simple equation of motion ' 
b(k.a)=eHo/malkue = wulk) . (5) fh 
“Then Eq. (2) is rewritten as follows: ad | 
of i of fon h pos (6) 
peter hay ae ee Ae 


A solution of this equation can most easily be found by expressing fi(r, v, ¢) and Kir, t) as the | 
‘Fourier integrals: 


flr, v, t)=| Ala, v, 0) exp Got—ia-r)dgde , (7}| 
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-where the domain of integration is to be determined by the boundary conditions under consideration. 
The equation for fi(qg, v, wm) is then given by 
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where F/(q, v, w) is defined by 
\ F(q, v, w) exp (iwt—ig-r)dqdw = Fir, v, t)=0. (10) 
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“Therefore, the solution of (9) which satisfies the periodicity condition v(¢+2nx)=v(¢) is given as 
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where 
y ”" ” 
Rar |" oe, Tea (13) | 
y’ OH d’ OH 
Now, let us measure the tube angle in terms of the time. Then, from (5), we can easily find that | 
R'=r(t'), and T’=t’. Thus, from (10), we obtain the final result as follows: 


t | 

File, v, Q=—FRN fooce)- Bere, wy exp —(" AEE ae (14) | 

where the integrations with respect to t’ and ¢’’ References | 
are carried out along the trajectory of a charged IpsR: G, Chamberay Babe sPavel Scns eae 


particle. This is the same expression that derived 
qualitatively by Chambers, on the basis of his 
“kinetic” argument. For a particle scattered 
specularly at the surface of the specimen, the 
limit of integration t) is —o, but for a particle 
scattered diffusely, t is the latest time prior to t 
that the trajectory cuts the surface. 

The author wishes to express his hearty thanks 
to Professor H. Nakano and Mr. K. Yamada of 
Nagoya University for their helpful discussions. 
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Concentration Dependence of Electrical 
Properties of Bismuth-Antimony 
Alloys 


By Seiichi TANUMA 


The Research Institute for Iron, Steel and 
Other Metals 
Tohoku University, Sendai 


(Received August 28, 1961) 


Bismuth and antimony are known to be semi- 
metals whose overlapping energies of electrons and 
holes are about 0.02 and 0.15 eV respectively, and 
these two metals make solid solutions in the whole 
range of concentration. The author!) and Jain?) 
found independently that Bi-Sb alloys become semi- 
conductive in the concentration range from 4 to 
about 50 atomic per cent antimony, while the energy 
gap is as small as 0.016 eV at its maximum value 
for the alloys of 15 to 20 per cent antimony. The 
resistivity 0, the Hall coefficient R, and the mag- 
netoresistance 40/0 of the alloy are investigated. 
The specimens are polycrystals prepared from 
zone-refined component metals by vacuum melting. 
‘The effective amount of impurities is estimated to 
ibe less than 10-1%/cc. The quantities 9, R and 
4o/o at 80°K are plotted against the concentration 
of antimony in alloys in Fig. 1, where R and 4o/o 
are the values measured in a rather weak magnetic 
field of 250Oe. The sign of Hall coefficient is re- 
versed at 73 per cent from negative at the bismuth 
side to positive at the antimony side. 

The three quantities, namely, the concentration 
of electrons or holes n*, the mobility of electrons 
fe and that of holes yw», are calculated from the 
measured quantities by the approximate relations: 
ljo=ne-(He+ tn), 

R=—(nec)—!-(He— Pp) (He + Bg)? 
rand 
Aplo=H?-c-2- peptn , 

where H is the magnetic field strength and ¢ is the 
light velocity. Thus obtained n, #e and pp, are 
shown as functions of antimony concentration in 
Fig. 2. The carrier concentration makes a minimum 
around 15 per cent in the semiconductor range of 
concentration. This minimum becomes more re- 
markable with decreasing temperature. The mobili- 
ties are large at both ends of composition and 
.decrease towards the intermediate range by virtue 
of the scattering of carriers by random distribu- 
tions of both atoms. In the medium composition 
range, the mobility is expected to have a minimum, 
but actually, a broad hump occurs. A _ possible 
explanation of the fact is as follows: Smearings 

* The difference of concentrations of electrons 
and holes is as small as the effective amount of 
simpurities. 
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Fig. 2° Concentration of electrons and holes n, 
electron mobility ye. and hole mobility wv, are 
plotted against antimony concentration. 
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magneto-resistance 40/0 are plotted against con- 

centration of antimony. 
of the band edges due to an aperiodicity of lattice 
potential give small state densities which in turn 
result in small effective masses of carriers.®) If 
the influence of diminution of effective masses due 
to the disordered alloying exceeds the scattering 
effect, the mobilities should increase rather than 
decrease. 

The author wishes to express his hearty thanks 
to Professor T. Fukuroi for his encouragements 
and Mr. K. Tanaka and Mr. T. Fukase who kindly 
helped in carrying out this work. 
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‘New Level Scheme of Pt'*®’’. 


By Hidetsugu IKEGAMI, Toshimitsu YAMAZAKI, 
Mitsuo SAKAI 


Institute for Nuclear Study, University 
of Tokyo 


and Kazusuke SUGIYAMA 


Department of Physics, Tohoku University, 
Sendai, Japan 


(Received August 31, 1961) 


In connection with the study of the EO transi- 
tions between the first and the second 2+ states 
of Pt! and Pt!%, radiations from the 5.6day Aut 
have been investigated*. 

5.6-day Au!% was produced by bombarding spectro- 
scopically pure platinum metal with 14 MeV protons 
in the INS cyclotron. Since the 17 hour Au! and 
the 38hour Au! are simultaneously produced, 
measurements started four weeks after the bom- 
bardment. After repeated chemical separation, Au1% 
sources were prepared in a carrier free state. 

Very weak new gamma rays of 450, 640, 770, 
1095 and 510 keV (annihilation radiations) were 
detected using scintillation gamma-ray spectro- 
meter. These new gamma rays were all coincident 
with the 356keV gamma ray. Therefore the decay 
energy of the electron capture should be consider- 
ably higher than the value reported previously!). 

The internal conversion electron spectrum was 
carefully measured using two kinds of double 
focusing magnetic spectrometers. Besides the new 
gamma rays mentioned above, 518- and 580 keV 
transitions were also found. No Crossover transi- 
tion of 689keV was found. This fact seems to 
indicate that the 689 Key state shows a pure har- 
monic oscillation character which is also free from 
coupling with particle excitation. It is not consist- 
ent with the fact that the energy gap of particle 
excitation of Pt!%6 is estimated to be about 900 keV 
from the analysis of even-odd mass difference data. 

The 1095 keV;-356 keV; directional correlation 
coefficients gives a spin sequence 3(D)3(Q)0 or 
1(D)2(Q)0._ Considering no 1450keV_ crossover 
transition and an experimental value of the conver- 
tion coefficient of the 1095 keV transition, the 1450 
keV state was assigned as 3—, as suggested by 
Morinaga?). Theoretically two 3— states are ex- 
pected; one is a member of octupole vibration 
states and the other is a particle state with the 
(his/2, &7/2)p configuration. As the energy of this 
particle state is considered about 4000 keV or more, 
the 1450 keV state is expected asa member of octu- 


7 H. Ikegami, K. Sugiyama, T. Yamazaki, M. 
Sakai and S. Hayashibe, Fukuoka Meeting of Phys. 
Soc. Japan, October (1960). 


Short Notes 


(Vol. 16, © 


pole vibration states. If the 3— state is assumed to 
be of core excitation, it may be understandable that 
the log ft value for the transition to the 1450 keV 
state is 7.5, which is rather high for the allowed 
transition??. 
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Fig. 1. The tentative decay scheme of the 5.6 day 
Au!%, Relative intensities are given in parenthe- 
ses. 


From the experimental result of the 760-keV;7- 
350keV; directional correlation, one is forced to 
conclude that the correlation function seems to be 
the mixture of 2+(D+Q)2(Q)0+ with 3—(D)2 +(Q) 
2+ and 3—(D)2+(Q)2+(Q)0 sequence. The new 
2+ state was therefore assigned at 1140 keV. 

The tentative new decay scheme of Au16 is shown 
in the Fig. 1. The level scheme of Pt!%* is quite 
analogous to that of Pt! which is also recently 
investigated by the authors#). Further study is. 
now in progress and the more complete decay 
scheme of Au'% will be presented in the near 
future. 

We are indebted to Drs. E. Takekoshi and Z. 
Matsumoto for the use of a beta ray spectrometer. 
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Back-Reflection X-Ray Micrography 


By Shozo SAITO and Yasumitsu SHIMOMURA 


Department of Physics, University of 
Osaka Prefecture 


(Received August 31, 1961) 


The thorough interpretation of x-ray reflection 
micrograph would be very difficult when there is 
an ambiguity in indexing the individual reflections 
producing the micrograph. This is not the case 
for most crystals but is just the case for a twinned 
crystal of NiO with rhombohedral structure, whose 
deviation from the cubic can be detected only by 
back-reflections. A Berg-Barrett photograph of 
a cleavage face of this crystal is shown in Fig. 1 
(a). In producing this pattern, use is made of 
Nik«a-radiations reflected by {311} family* of planes 
referring to the face-centered lattice distorted 
slightly from the cubic. The Bragg angles (¢) for 
these reflections are not so high (ca. 41.2°) as to be 
able to discriminate different sorts of planes belong- 
ing to the {311} family, and further twinning na- 
ture of this oxide causes a plane in one twin 
component to be always almost parallel to that in 
the other which belongs still to the same family?). 
Thus it is very hard to give specific indices to the 
individual reflections in this micrograph. 

Such an ambiguity for indexing the individual 
reflections in X-ray micrograph could be removed 
by making a good use of back-reflections, which 
can tell one plane from the other among those of 
the same family. An optimum condition is attained 
as follows (Fig. 2). The cleavage face is set so 
that {422}-reflections are produced for the incidence 
of NiKa:-radiation obtained by a standard method 
of getting a purely monochromatic parallel beam 
with a crystal monochromator and a slit (S)). 
Among the three kinds of {422}-reflections (6° ,76.5°) 
only a single one, (422)-reflection for instance, is 
selected by another slit (S;) and is used to record 
the twin structure on a photographic film set 
parallel and fairly close to the surface. To obtain 
an image for a wide range, the specimen surface is 
scanned with the incident beam under the fixed 
condition of incidence to the surface, by moving 
the specimen and the film together without any 
change in their relative positions, as in Lang’s 
technique?. 

A pattern thus obtained with the same surface 
as that for Fig. 1 (a) is reproduced in (b). Com- 


* In the present note, the notation for a ‘ form’, 
{hk1}, will conveniently be adopted to imply a 
family of planes of all kinds which would belong 
to one ‘form’ expressed by the same notation if 
the lattice were not distorted. 
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(a) (b) 

Fig. 1. X-ray reflection micrographs of a cleavage 
face of NiO (x6) (a) Berg-Barrett pattern (NiKa, 
{311}), (b) Back-reflection micrograph (NiKai, 
(422)). 
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Fig. 2. X-ray optics in back-reflection micro- 
graphy. S: X-ray source; M: Crystal monochro- 
mators; C: Specimen; S; and S,: Slits; F: X-ray 
film; @: To move C and F together in both 
directions. 


paring these two patterns, the latter is lacking in 
sharpness. This is due mainly to the following 
two reasons: (1) In order not only to avoid an 
interruption of the incident beam by the photo- 
graphic film but also to insert the slit (Sp) between 
the film and the specimen, the film is not allowed 
to approach too much close to the specimen and 
further (2) a fairly large dispersion is inevitable for 
the high-angle reflection in the latter. However, 
all the individual reflections throughout the latter 
pattern have the same and known indices. 

The technique here mentioned could be applied 
to many other crystals that obey Mallard’s law. 
The details will be published later. 
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Cyclotron Resonance of Hot Electrons 
in Germanium 


Hajimu KAWAMURA, Yoshikazu HAYASHI 
and Masakazu FUKAI 


Institute for Solid State Physics 
University of Tokyo 
(Received August 29, 1961) 


Present paper is a preliminary report on the 
cyclotron resonance of hot electrons in germanium. 
The hot electrons were produced by applying ac 
voltage of 75 cycle per second with rectangular 
wave form parallel to the static magnetic field. 
The cyclotron resonance was measured with 6mm 
microwave at 1.6°K. The specimen was slightly 
n-type (Ny~7X10!2 cm~3) germanium of thin slab 
(10x 1.50.3 mm). 

By means of the irradiation through quartz rod, 
the photo-generation of the carriers was also possi- 
ble. Even at the lowest field we measured (11.6 
volts/cm), the conduction electrons were multiplied 
by the ionization of donors by collisions. But in 


a 
} 
! be 
1.6K 
i 
\ 
lac b 
| oe i 
a 
Yatoy i \ ; : 
: : < 
=ous9ke \ Ber cy 
I fA ar” a eae 
: vs 4. ¥ gauss 
4 os 
ik 1.6 K 
i 
a 
i 
t 
a | 
nt 
ik 
{| 1. = & 
ae. 
a | 
1EiSmA } 4 ~~ 
oo | 
VERILY } he ites, net 
oe, US : 
> 2 4 keauss 


Fig. 1. Absorption signals of cyclotron resonance. 
a. Carriers are optically generated. b. and c. 
Electrons are gnerated and multiplied by apply- 
ing high field. For b. V=10 volts and for c. 
V=21 volts, 
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order to get a stable current it was necessary to 
supply the initial electrons by means of weak illu- 
mination. 

A few examples of the resonance patterns are 
Fig. la. is the resonance signal 


shown in Fig. 1. 
We can | 


due to the optically generated carriers. 
observe four peaks due to electrons and one due 
to heavy holes. From these peak positions it was | 
deduced that the orientation of magnetic field 

deviate from [111] direction by about 10°. Fig. 1b. | 
and lc are the signals due to the hot electrons 

obtained by high field applications. The current 
for Fig. 1c is ten times as large as for Fig. 1b. 
We can see from these figures that the line widths 

increase with the applied field and the line inten- | 
sities for valleys of heavier cyclotron mass decrease 
with the field. Since the ac field was applied along | 
the magnetic field, the effective mass for ac field 
is smaller for valley with heavier cyclotron mass 
in the next table. In Fig. 2 the half 
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x valley 2 
4 valley 3 


as shown 


relative tine intensity 


i(eJe) 
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Fig. 2. The half widths, relative line intensities, 
and current density as the functions of applied 
field strength. 


width of each valley, the ratios of areas under the 
absorption lines for valley 2 and 3 against for 
valley 1, and the current density are plotted as 
the functions of strength of rectangular ac field 
in semi-log scale. Assuming that hot electrons are 
scattered only by the spontaneous emission of 
phonon, one can estimate the effective temperature 
of hot electrons from these line widths, comparing 
with the width for electrons in equilibrium with 
lattice at 4.2°K, where both emission and absorp- 
tion of phonons are effective. The temperature 
scale in the figure is obtained by this way. We 
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can see from this figure that the temperature of 
heavier mass valley is lower than that of lighter 
mass valley, and both increase with applied field. 
The electron population of the lighter mass valley, 


Valley | 1 2 3 4 


| 0.082 0.16 0.22 0.25 
1.5 0.104 0.086 0.085 


Cyclotron mass 
Electric field mass 


measured from the relative area of absorption line, 
decreases as the temperature increases beyond 
some 100°K. This seems to be quite reasonable, 
since the hotter electrons in the lighter valley will 
jump into heavier valley by means of intervalley 
scattering which requires a rather high energy 
(~0.03 ev) in order to emit a high energy phonon 
in the case of pure germanium.!),?) 

Since the density of carriers is estimated to be 
less than 101! cm-3 even under the highest field, 
from the field-current density curve and the mobili- 
ty estimated from line width, the plasma effect can 
be neglected at these high frequency. The rise of 
specimen temperature due to Joul’s heat is estima- 
ted to be less than 4°K, since the specimen is 
immersed in the superfluid of helium. 
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Low-lying Excited States in Ba‘* 


By Kazusuke SUGIYAMA, Hiroyoshi SEKIGUCHI 
and Shogo HAYASHIBE 


Department of Physics, Tohoku University, 
Sendai, Japan 


(Received Septembr 1, 1961) 


Recently, H. Bernstein and H. H. Forster!) have 
reported that the spin and parity of the 1900 keV 
level in Bat8® was 2+ and the radiation property 
of the 1065keV transition between this and the 
first 2+ level was of M1 predominant, though the 
cross-over transition to ground state was extremely 
weak. Our preliminary results on y-ray analyses, 
however, seem to exclude the possibility of their 
conclusion which might result in some difficulty in 
the theory of even-even nuclei?). 

The Cs!8 (13 days) activity was produced by 
bombardment of natural barium with 55 MeV pro- 
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tons in the synchro-cyclotron of the I.N.S., Univer- 
sity of Tokyo, and was prepared in a chemical 
form of CsCl in HCl solution. The y-rays of 
energies 80, 180, 270, 340, (620), 830, 1065 and 1255 
keV (additional weak peaks at 1400, 1660 and 1900 
keV which were considered as summing peaks) 
were observed by a 3/63’! Nal(T1) scintillation 
spectrometer and were confirmed as belonging to 
Bat, In the coincidence spectrum with the gate 
at 830 keV photopeak shown in Fig. 1, the peak at 
830 keV was too high even after a correction of 
the coincidence contribution from the Compton 
tails of higher ;-rays which existed in the gate. 
A 2''6x2!' Nal(T1) counter was used as a gate side 
detector. Therefore, it is concluded that the addi- 
tional 7-ray of about 830 keV exists in the decay of 
Cs186, 7-7 directional correlation measurements were 
also made and the results were shown in Figs. 2 
and 3 (The experimental arrangement was previously 
reported?).). 

On the basis of these results, the spin assign- 
ments of the low-lying levels in Ba!86 were tenta- 
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Fig. 1. Single and!coincidence ;-ray spectra in 
Cs18, The upper curve (cloged circles) is a 
single crystal spectrum and the lower curve 
(open circles) is a coincidence spectrum with the 
gate at 830 keV photopeak. 
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Fig. 2. 7-7 directinal correlation patterns. Open 
circles show the 830 keV photopeak—1065 keV 
photopeak correlation and closed circles show 
the 830 keV photopeak—830 keV photopeak cor- 
relation. The solid lines are the least squares 
fitting curves cor rected for finite angular re- 
solutions of the detectors. 
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Fig. 3. Parametric curve of quadrupole-dipole 
mixing ratio § as a function of coefficients A, 
and A, of the spin sequence 2-2-0. The case 
of 4-2-0 is also shown as an open circle. The 
part of the ellipse between the ends of the two 
dashed lines shows a region of the 6 of the 


830 keV 2/2 transition. The experimental re- 


-0.4 
sults by other investigators!).4) are also shown. 
| | Investigator | Az Ag 
tt = “ — = ~ ae = —E—EEEEE SS  - ————————— — | — _— = _ - ceed 
| QB | Present 0.122 +0.020 | 0.008 +0.022 
CCG Grabowski et al.?) | 0.100 +0.008 0.008 +0.018 
830—1065 —|—— —— $$ __—__ | == 
ext } Bernstein and Forster!) 0.1253 +0.0219 0.0065 +0.032 
@) Theoretical 4—2—0 0.102 0.009 
s30— 830 | == | __ Present —0.021 +0.020 0.182 +0.038 
830— 340 Present 0.110 +0.010 0.018 +0.010 
tively proposed as follows; 830(2+), 1660(2+), ; ; ; 
1900(4+) and 2240keV (6+). It was considered J. Puys. Soc. JAPAN 16 (1961) 2354~2355 
that those parities were positive. No essential dif- Thermoelectric Power of Bismuth-Antimony 
ference from other even-even nuclei has been Alloys 
found, and the transition to the first 2+ level from 
the second 2+ level had the property of H2 pre- By Seiichi TANUMA 
dominant and B(H2:2/—>2)/B(H2:2'>0)< 100. The Research Institute for Iron, Steel and 
Further study will be made by using the sources Other Metals 
produced by the reaction (d, a) since the present Tohoku University, Sendai 


sources contain a smal]l amount of the other radio- 
active nuclides (6 day Cs!82 and 2 year Cs!34), 

The authors wish to express their sincere thanks The thermoelectric power of Bi-Sb solid solution 
to Professor M. Kimura for his continued guidance is investigated in the temperature range from 15 
and encouragement. to 300°K. The specimens are cut from the same 
ingots as were used in the preceding work.) 
The measured thermoelectric power is plotted 


1) H. Bernstein and H. H. Forster: Nuclear Phys. against temperature in Fig. 1, and the concentra- 
24 (1961) 601. 


(Received Augnst 28, 1961) 
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tion dependence of thermoelectric power is shown 
2) For instance, D. M. Van Patter: Nuclear Phys. jn Fig. 2. The numeral following the # mark on 
14 (1959/60) 42. each curve in Fig. 1 denotes the chemically analy- 
3) K. Sugiyama, A. Fususawa, S. Hayashibe and zed atomic per cent of antimony in the specimen 
M. Kimura: J. Phys. Soc. Japan 16 (1961) sounded up to a whole number. The behavior in 


1538. Fig. 1 is qualitatively explained by the previously 
4) Z. Grabowski, S. Gustafsson and I. Marklund: mentioned nature!) of the alloy system, i.e., a con- 


Nuclear Phys. 20 (1960) 159. tinuous change of electrical property from semi- 


metallic to semiconductive at 4 atomic per cent 
antimony and again to semimetallic at about 50 
per cent antimony. Sample # 100, pure antimony 
which has the largest Fermi energy, shows the 
most metallic behavior of linear increase of thermo- 
electric power with the rise of temperature. The 
thermoelectric power of #0, pure bismuth, also 
shows the increasing behavior in its absolute value, 
but it tends to saturate with the rise of tempera- 


1961) 


(uV/deg.) — 
n 
ie) 


Thermoelectric Power 
re 
fe) 


ily 
ine] 
(e) 


{ 1 
Do Ss 
te) WES) 


Short Notes 


2355 


ee Se ee eee 


(oe) 


100 


Temperature (°K) 


ee 
Ja 


tO 
(2) 


fs) 
fi 


(eo) 


Thermoelectric Power (yV/deg.) 
als et ! t 
§ 8 8 3 
a 
NS 


-l40F x 5 
-160 L eet l semen fas l 
ie) 0) 40 60 80 100 
Antimony Concentration (at.%) ——— 
Fig. 2. Thermoelectric power of Bi-Sb alloys 


plotted against concentration of antimony. 


ture. The thermoelectric power of a typical semi- 
metal having zero Fermi energy must be independ- 
ent of temperature?). Bismuth is considered to 
behave approximately in this way at higher tem- 
peratures. The samples #04, #09, #16 etc. show 
a decrease in the absolute values of thermoelectric 
power above several tens of degrees Kelvin which 
corresponds to the property of intrinsic semicon- 
ductors. As for the gradients of the curves, the 
detailed factors such as the temperature coefficients 
of the energy overlaps or gaps and the effect of 
the third energy band must be taken into account, 


200 300 


.1. Thermoelectric power of polycrystalline Bi-Sb alloys plotted against temperature. 


At low temperatures, the thermoelectric power 
tends to decrease rapidly with the temperature de- 
crease. The humps in the absolute values such 
as the one around 40°K of #16 are not yet defini- 
tely explained. 

As shown in Fig. 2, the absolute magnitude of 
the thermoelectric power is large in the semicon- 
ductor range of concentration. The sign is rever- 
sed at about 70 to 80 per cent antimony from 
negative to positive with the increase of antimony 
concentration. This agrees with the sign of Hall 
effect of the alloys.?) 

The author wishes to express his hearty thanks 
to Professor T. Fukuroi for his encouragements 
and to Mr. T. Fukase who kindly helped this ex- 
periment. 


References 


1) S. Tanuma: J. Phys. Soc. Japan 16 (1961) 2349. 
2) V. A. Johnson: Progress in Semiconductors 
1, Heywood Co. London (1956) 63. 


2356 


J. Puys. Soc. JAPAN 16 (1961) 2356 ~2357 


Effects of Tacticity upon the Temperature 
Dependence of 7, of Proton 
in High Polymers 


By Takao KAwAl, Y6ko YOSHIMI 
Yoshida College 
and Akira HIRAI 
Department of Physics, Faculty of Science, 
Kyoto University, Kyoto 


(August 22, 1961) 


In order to clarify the effects of tacticity upon 
the temperature dependence of the spin lattice 
relaxation time (7,) of proton of high polymers, 
we have measured the temperature dependence of 
T, of proton of the isotactic and the atactic poly- 
propylene (PP) (-CH,-CHCH;-), by 90°-90° pulse 
method at 25 Mc/sec. The isotactic PP is the pro- 
duct of Merk Company and the atactic PP is of 
Hercules Powder Company. The degree of crystal- 
linity of the former is about 60-70%, and the latter 
is almost amorphous. The experimental apparatus 
and procedures were already reported!),2). 


The results obtained are shown in Fig. 1. The 
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Fig. 1. Temperature dependence of 7; of proton 


in PP (Isotactic and Atactic). 


errors in the measurements are about 10% and 
30% in the worst case, as previously described in 
detail?),3). As seen from Fig. 1, the data show the 
following remarkable features. 

(1) The values of 7, for the isotactic PP were 
about 3 times larger than those for the atactic PP 
for nearly over the whole temperature range. 

(2) The V-shaped curves in the lower tempera- 
ture range have their respective minima of J; at 
nearly the same temperature for both samples 
(—130°C), while in the higher temperature range, 
they do not, but have at 100°C for the isotactic 
PP and at 50°C for the atactic PP. 

(3) The values of Timin in the higher temper- 
ature range are different between two samples, i.e., 
100 msec for the isotactic PP and 28 msec for the 
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atactic PP. 

First, we consider the V-shaped parts of the 
curves in Fig. 1 in the lower temperature region. | 
These parts are considered to be due to the internal | 
motions of methyl groups?). As usual!).2) the | 
data are analyzed by the BPP formula. The results 
of analyses are; 


b=2.2A, m=4x10-12sec, and 
4E=1.9 Kcal/mol for the isotactic PP, 

b=1.8A, t=4x10-!2sec, and 
4E=1.9 Kcal/mol for the atactic PP. 


The difference in the value of 7; leads to the | 
difference in the interproton distance (6). This | 
difference is to be expected, since the disordered | 
structure of the atactic PP should have a closer || 
effective interproton distance than the isotactic | 
1) 229). 

The similarity of the two curves in Fig. 1 in 
the lower temperature region, within the experi- 
mental errors, leads to the equal values of the 
parameters describing the molecular motion, which 
suggests that the tacticity has little effect upon the 
local motions of methyl groups. 
in the 
These parts are due 


Next we consider the V-shaped parts 
higher temperature region. 
to the segmental motions. 

The difference in the temperature, at which 
Timin occurs, suggests that the regular configura- 
tion of methyl group in the isotactic PP imposes 
a greater constraint on the motion of the main 
chain, perhaps through the effect of crystallinity, 
than the disordered array in the atactic PP. This 
result is consistent with the results obtained by 
the steady state NMR method)).®), 


The larger value of JT, being obtained for the 
isotactic PP} is considered to be due to the large- 
ness of the effective interproton distance at higher 
temperatures as at lower temperatures and also 
due to the wider distribution of the correlation 
time (te) in the isotactic PP than in the atactic, 
being considered from the fact that the V-shaped 
part of the curve in Fig. 1 in this temperature 
region for the isotactic PP is more flat than that 
for the atactic PP, because in general, the increase 
in the value of Jimin and the flatness of the V- 
shaped curve are expected, when we take the dis- 
tribution of the correlation time into account. 

The crystallinity is another important factor 
which would affect T;, and this effect is not clear 
in our present investigation and left for later con- 
siderations. 

The author would like to express their sincere 
thanks to Prof. I. Takahashi for his continual in- 
terest and discussions. ‘The authors’ thanks are 


also due to Dr, A, Odajima who supplied the 
samples, 
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The Observation Of Oscillating Anode Glow 
by Means of High-Speed Camera 


By Kazuyuki OGAWA 


Central Research Laboratory, Tokyo Shibaura 
Electric Co. Kawasaki 


(Received August 4, 1961) 


The hysteresis of the ionization in the anode sheath 
—the phenomena such that the ionization is sustained 
even when the anode drop decreases after the break 
down of the anode sheath—is necessary to generate 
the finite length of the negative resistance in the 
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anodic oscillator tube.!) This proposition has been 
backed up by the phenomena in which the glow ball 
appearing on the tip of the anode is maintained over 
a quarter of the period of the voltage oscillation.?) 
But the cause from which the hysteresis comes, and 
the movement of the glow ball to which the hyster- 
esis corresponds are both still unknown. To find 
a clue to solve this problem, the glow ball has 
recently been observed with a high-speed camera. 
The photograph shows the part in which the frame 
number per second is closely equal to the oscil- 
lation frequency (3kc/sec) and gradually increases 
with the passage of time. The time of exposure 
is about 50,sec, and the width of observed light 
pulse is about 100 nsec. It can be confirmed from 
the photograph that a glow spot appears on the tip 
of the anode just coincidentally with the break down 
of the anode sheath, and expands to a sphere. The 
intensity of the glow ball is slightly varied during 
the cycle. It is clarified on refering to the results 
of the observation by means of a photomultiplier 
tube?) that the time in which the glow ball grows 
up to its maximum size corresponds to the build- 
up time of the light pulse. 

Now, the following speculation concerning with 
the cause of the hysteresis in neon oscillatron?) may 
be allowed. That is, the spectral term 2p, (18.5volts) 
is excited and consequently 6402 A photon is emitted 
at the instant of the break down of the anode 
sheath, because the initial energy of the electron 
is sufficiently high. If, then, the metastable atoms 


<Negative Glow 


<Glow Ball 


The variation of the glow ball in the neon oscillatron the anode sheath breaks at the left 


in the picture, and the photographic film runs down from left to right with gradually increasing 


speed. 


ls; (16.6 volts) exist in the space adjacent to the 
anode tip, the excited atoms 2p, may be replenished 
by the absorption of 6402 A photon. The life time 
of the excited atom 2p, is about 3x10~-8sec, while 
the collision time of the electron is about 10~" sec, 
therefore the cumulative ionization can take place 
if the electron energy exceeds 3.0 volts, as the ioni- 
zation potential is 21.5 volts. Thus the ionization is 
maintained by the catalytic action of the 6402 A 
photon, even if the anode drop is so low that the 
electron can not directly ionize the atom in the 
ground state but excite it up to the metastable level. 
The decrease in the anode drop causes the increase 
in the electron current concentrating on the anode 
tip), and may give rise to the expansion of the 
region in which the metastable atoms are created. 


The expansion of the glow spot may be caused by 
the expansion of this excitation region. 
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Crystal Growth of Zinc-oxide 
by Chemical Reaction of Zinc-fluoride with Air 


By Ikumaro KUBO 


Faculty of Liberal Arts and Education, 
Nagasaki University 


(Received August 11, 1961) 


Fritsch!) has obtained zinc-oxide single crystals 
from its vapour at elevated temperature. Scharow- 
sky?) has formed crystals by reacting zinc vapour 
with air, and this method has been improved by 
Lander.) Laudise and Ballman‘) have shown that 2 ~ 
zinc-oxide crystals could be grown hydrothermally, a 
and recently Nielsen and Dearborn5) have obtained 
crystals by precipitation from molten solution. 

In the course of producing zinc-fluoride single 
crystals, it happened that the needlelike zinc-oxide 
single crystals were easily obtained by chemical 
reaction of zinc-fluoride with air at elevated tem- 


Fig. 2. A typical example of the grown crystals. 
One division of the scale is 1mm in length. 


perature. 

Zinc-fluoride powder (about 7g in weight) was 
charged in a platinum crucible whose size was 35 
mm in diameter and 40 mm in depth. The bottom ot 
the crucible was heated to keep 1050°C by Bunsen 
burner. The top of the crucible was aircooled and 
the setposition of the crucible was adjusted to 
maintain the suitable temperature distribution at 
the crucible wall. Heating the crucible for several 
hours, a cluster of hexagonal, yellowish, trans- 
parent needlelike crystals was found in radial direc- 
tion, on the inside wall of the crucible where the 
temperature was about 950°C (Fig. 1). A typical 
example of their dimensions is 15mm in length and 
1mm in cross section. Their appearance is shown 
in Fig. 2. X-ray diffraction photographs showed 
that these crystals were of zinc-oxide, and that their 
growth direction was parallel to the c axis. So the 
appearance of the crystals obtained by this method Fig. 4. A steplike figure on the surface of the 
resembles with those by Scharowsky’s method. needlelike crystal observed by micrography. 400 

Large crystals could not be formed if the region x. The horizontal line is the edge of the hex- 

agonal crystal. 


Fig. 3. Dendric crystals. 


where the temperature was about 950°C was too 
close to the bottom of the crucible or to the top, 
in spite of several hours’ heating. Larger crystals 
were obtained by longer heating. As the amount 
of the charged zinc-fluoride powder increased, longer 
time was needed to form large crystals. 

From these facts, it seems that both oxidation 
rate of zinc-fluoride and condensation rate of zinc- 
oxide vapour are the essential factors for this method. 
Perfectness of the grown crystals was improved by 
steeper temperature gradient at the crucible wall. 
Fig. 1. A cluster of crystal which grew in radical For low temperature gradient dendric growth was 

direction on the inside wall of the platinum frequently formed (Fig. 3). On the surface of the 

crucible. grown crystals, a steplike figure was observed by 


1961) 


micrography as illustrated in Fig 4. Since the 
back reflection Laue spots for these crystals were 
elongated to the direction parallel to the c axis, 
this figure seems to be mosaic walls due to the 
lattice rotation about an axis perpendicular to the 
c axis during the crystal growth. 

A further investigation is now being undertaken. 
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Movement of Small Angle Boundary 
of Ice Crystal 
Akira HIGASHI and Naomi SAKAI 


Department of Physics, Faculty of Science 
Hokkaido University, Sapporo 
(Received August 28, 1961) 


Through the movement of small angle boundary 
is believed to be a very powerful tool to study the 
dislocation mechanism of slip in crystal!), it has 
not been investigated so widely except in the case 
of zinc. As a part of our extensive studies of slip 
mechanism in ice crystal, stress induced movement 
of small angle boundary was investigated. As is 
the case of zinc, the ice crystal has a basal slip 
plane that makes this kind of study easy. Due to 
its transparency, ice crystals have more advantage 
for observation of the movement than zinc crystals 
do. 

The small angle boundary was made in a rectan- 
gular bar (1X1 cm? cross section, 10 cm length) 
of single crystal of ice by the method of central 
loading. The specimens were cut from large 
natural single crystals brought from the Menden- 
hall Glacier, Alaska. The bar has its long axis 
perpendicular to the crystal c-axis and its top and 
bottom surfaces are parallel to the base plane to 
make the easy glide. Angle of bending or the 
angle of misfit at the boundary was controlled by 
the time duration of bending and also by the weight. 

The boundary thus made at the center of bar 
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was used for experiments of the movement. The 
bar was cramped at one end horizontally and was 
pulled down by weights at other end making a canti- 
lever bending. The boundary was clearlyvisible by 
different transparancy when the bar was examined 
through crossed polaroids from the side. Measure- 
ments of the movement were made by a horizontal 
microscope with a scale in the eyepiece. An ex- 
ample of the movement is shown in photographs 
Of bigenle 

The rate of movement decreases almost linearly 
with the increasing angle of misfit at the boundary. 
And it increases linearly with the increase of stress. 
Temperature dependence of the rate of movement 
obeys Arrhenins’ equation as shown in Fig. 2. Fair- 
ly good straight lines can be drawn through ex- 


t 
An example of the movement of boundary, 
photomicrographs through crossed polaroids. 


Fig. 1. 


& § 


(mm/hr.) 


p 
pho 


° 


RATE OF MOVEMENT 
2 9 
RS 


00370 38 39, 40Kic® 

RECIPROCAL ABSOLUTE TEMP. (°<*) 

Fig. 2. Temperature dependence of the rate of 
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perimental points plotted. Error of the estimate 
of activation energy from the lines is several per- 
cent. 

A remarkable result obtained is that the activa- 
tion energy varies with the change of direction 
of length of specimen with respect to the a- 
axis. In the following table of the result, 6 is 
the angle between the direction of length of speci- 
men and the crystal a-axis or <1120> direction. 
The activation energy Q of the rate of movement 
takes a value of about 12 Kcal/mol and 17 Kcal/mol 
alternately with every 10° change of the angle @. 


6° 0 10 20 30 
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It should be noted that the activation evergy for 
and for creep under 
stress®) of ice falls between these two values, though 


dielectric relaxation?) low 
there are some other estimates of the activation 
energy which are quite different from those values. 
A dislocation model of the slip mechanism of ice 
crystal taking account of such an interesting result 
will be given later. 
stress-strain relation and self-diffusion are under 
way. 

The detail will be published in the Journal of 
the Faculty of Science, Hokkaido University in the 
nearest furture. 


Further experiments on creep, 
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The Texture of Vapour Phase Grown ZnS 
Crystals 


By Tomoya OGAWA 


The Institute of Physical and Chemical Research 
Komagome, Bunkyo-ku, Tokyo, Japan 
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X-ray studies of the structure in ZnS crystals such 
as long period structures have been reported by many 
workers!), However, the texture of vapour phase 
grown ZnS crystals is not well known, although it 
should play an important part in their electrical 
properties such as the anomalous large photovoltaic 
effect”), the anisotropy of electrical conductivity2). 
In the present note we report some observations on 
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the texture of the crystals which have been made 
by optical microscopy as well as rotation and Berg- 
Barrett methods of X-rays. 

Photographs obtained from a plate-like crystal are 
shown in Fig. 1. The photograph (a) taken by a 
polarized monochromatic light (Hg : 5461 A) exhibits 
many parallel striations which run normal to the 
[0001] axis from one end to the other. It is con- 
sidered that the bright regions are hexagonal-like 


(d) 

Optical photograph taken by mono- 
chromatic polarized light (Hg : 5461 A). 
ray photograph taken by 540° spot or (1103) 


Fig. 1 


(a): 


(b): X- 


plane reflection with Cu ka radiation. (c) and 
(d): X-ray rotation photograghs along [0001] axis 
from the bright and dark regions, respectively. 


packing or hexagonal rich regions and dark regions 
are cubic-like packing or cubic rich regions, since 
hexagonal form (wurtzite) is uniaxial positive and 
cubic form (zine blende) is isotropic. In order to 
examine these considerations, rotation photographs 
of X-rays are taken from the both regions, as given 
in Figs. 1 (c) and (d). The spots of indices (h—k) 
=3N-+1 are accompanied with clear streaks in the 
photographs. Accordingly it is considered that 
the both regions contain stacking faults (refer to 
Fig. 2). If the crystals were homogeneous, the 
stacking faults probabilities could be estimated from 
the analysis of the intensity profiles on the streaks?) .4), 
But such an analysis is actually meaningless, because 
the crystal is not homogeneous even in the region 
irradiated by the incident X-ray beam. However 
there are some differences in spots between the both 
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photogrphs: for example, 90° and 180° fpots from the 
bright region are sharp and intense, while those from 
the dark are diffuse. These facts are in agreement 
with the expectation from the optical observation. 

As shown in Fig. 2, the hexagonal stacking order 


Looon* Hexagonal. Cubic relia 


720° 


600° 
540° 
480° 


360° 


240° 
180° 
120° 


o° 


3N-1 3N 3N4)=h-k=3N-1 3N  3N+41 


Fig. 2 Reciprocal lattice representation of reflec- 
tivities for hexagonal and cubic forms. The size 
of the circle is proportional to the square of the 
structure factors and, if there are stacking dis- 
orders, the spots of indices (h—k)=3N+1 are 
elongated vertically3)4). 


gives strong reflectivity at 540° spot, but cubic 
stacking order does not show any reflection at 540°, 
therefore the Berg-Barrett photograph taken by 540° 
spot is expected to exhibit hexagonal regions of 
crystal. Moreover, the intensity from a region with 
stacking faults will be decreased, because the re- 
flectivity of this spot will be decreased by stacking 
faults as pointed out by Jagodzinski%) and others??. 
On the other hand, it is expected that the optical 
birefringence will be also decreased with stacking 
faults, because the crystalline field anisotropy® will 
be decreased with the increasing cubic stacking 
sequences. In this way it is explained that the 
intensity contrast of striation in the Berg-Barrett 
photograph (Fig. 1 b), corresponds well to the 
contrast in the optical one (Fig. 1 a). Details of 
the study will be reported later. 

The author wishes to thank Dr. Y. Suge for his 
guidance and encouragement, and is indebted to Dr. 
R. Sato of Mitsubishi Metal Mining Co. for his 
helpful suggestions and discussion. 
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Chlorine Nuclear Quadrupole Resonance 
of CH;COCHCI. 


By Shinhachiro SAITO* 


Department of chemistry, Tokyo Institute of 
Technology Meguro-ku, Tokyo 


(Received February 8, 1961) 


The pure quadrupole resonance spectra of Cl% 
have been detected with self-quenching super re- 
generative spectrometer in 1, 1-Dichloro-2-propanone. 
The absorption signals were recorded on a chart- 
recorder. Table I gives the resonance frequencies 
at —77°C with some similar structural molecules. 

1, 1-Dichloro-2-propanone was prepared by the 
action of chlorine on acetone in the presence of a 
small amount of antimon-pentachloride!). The pro- 
duct obtained was thoroughly washed with water?) 
and purified by repeated distillation. The final 
product was checked for purity by the infrared 
spectra3),4) and the specifict gravity. 

1, 1-Dichloro-2-propanone will not crystallize as 
temperature is lowered with freezing mixture of 
dry ice and petroleum ether, but exhibits instead 
the increase of the viscosity. In case of immediate 
cooling down with liquid nitrogen, this compound 
simply solidifies into a transparent glass-like 
material. Thereupon the sample contained in an 
ampoule was made to set a small seed (glass-like) 
at the sharp-pointed bottom with liquid nitrogen, 
and made to crystallize for about two hours at 
—77°C. 

In immediate cooling of this crystalline sample 
until —196°C, the resonance lines have not ap- 
peared, but frequently continuous weak absorptions 
which are not due to the nuclear quadrupole inter- 
action have been observed. 

If the relations between the nuclear quadrupole 
resonance frequencies and the ionic character of 
the C-Cl bonds are considered, one can expect 
that the resonance frequencies in a, a-dichloroketone 
are higher about one or more MCPS than in a- 
mono or a, a’-dichloroketone>),®), The frequencies 
of this compound are, however, not much different 
from those of Chloro-2-propanone and 1, 3-Dichloro- 
2-propanone, as shown in Table I, which have been 
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Table I. Cl35 resonance frequencies in some continuity at lower temperature than —77°C. 
The author wishes to express his sincere thanks 


chloropropanones. , 
-— —— to Professor Kunio Kozima for his kind guidance 
Compound si air fer Me and encouragement during the course of this work. 
Chloro-2-propanone) = isi—(ts—s«i cena er a 
CH,C1-C-CH3 . 84.461 
ray 1) Chem. Zentr. C. 102 (1931) 2056. 
DEI iic ora renanone 34.504-+0.010 2) s Chiba: Bull. Chem. Soc. Japan, 28 (1955) 
CHGhsGsCHs sia aspire sol 3) Nakagawa, Ichisima, Kuratani, Miyagawa, 
: O Shimanouchi, and Mizusima: J. Chem. Phys. 
1, 3-Dichloro-2-propanone*) 35.441 20 (1952) 170 
CHCI-C-CH,CI 4) L.J. Bellamy and R.L. Williams: J. Chem. 
aw een piped. Soc. (1957) 4294. 
a) See ref. 6. 5) K. Kozima and S. Saito: J. Chem. Phys. 31 
(1959) 25605, SH ©@, Hooper and (es jeebrays J. 
observed by H.C. Allen, Jr®). Refering to the be- Chem. Phys. 33 (1960) 334. 
havior in the crystalline state of this compound, it 6) H.C. Allen, Jr.: J. Am. Chem. Soc. 74 (1952) 
would be predicted that there is some of the dis- 6074. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 12, DECEMBER, 1961 


Decay of Sr® 


By Tokihiro KUROYANAGI 


Japan Atomic Energy Research Institute, Tokai Laboratory, 
Tokai-mura, Ibaraki-ken 


(Received April 24, 1961) 


The disintegration of Sr8* produced by (7, n) reaction was studied with 


the aid of scintillation spectrometer. 


The gamma-ray spectra showed 


lines at 40, 385 and 755 keV. And the analysis of the beta-ray spectra 
defined two groups of beta-ray of the end-point energy of 0.81 and 1.15 
MeV. The decay scheme was proposed from the information of the single 
and coincidence scintillation spectra. In the decay scheme, the 40-, 385- 
and 755-keV levels were established and the spin and parity assignments 
of ground and first excited 40-keV levels were confirmed to be 5/2- and 


3/2-, respectively. 


a1. 


At present, the theoretical interpretation 
of lower nuclear states in the region of mass 
qaumber around 80 shows some successes for 
aven-even nuclei. There, the vibrational 
model seems the fit quite well. However, for 
odd mass nuclei, such theoretical treatments 
are not in good shape. Although, system- 
atical information of nuclear levels of many 
nucleides are very important for the develop- 
ment of such nuclear theories, the information 
is not quite good with odd mass nuclei. It 
is, therefore, considered to be worth while 
accumulating the information on the levels 
and decay properties of the odd mass nucleides 
in this region. The decay of Sr®? was studied 
in a hope to help elucidating the situation. 

The disintegration of Sr® has not been 
studied extensively so far. Boyle and Maclure”? 
showed that Sr%* decayed with a half-life of 
35 hours and the beta-ray energy was about 
1 MeV. The beta-ray spectrum of the activity 
has been studied with a double focusing spectro- 
meter by Castner and Templeton,” who re- 
ported the beta-ray end-point energy of 1.15 
MeV and some low energy conversion lines 
with a half-life of 35 hours. However, the 
decay properties have not been fixed. 

In the present study, an intense source of 
Sr83 was produced by the (7, 7) reaction of 
Sr using a strong bremsstrahlung from a 
linear electron accelerator, in spite of the very 
low abundance (0.55%) of Sr in natural 
strontium. 


Introduction 


§2. Experimental procedure 
In order to prepare the activity of Sr®, 


high purity sample of strontium nitrate of 
1 gram was irradiated by a 19-MeV brems- 
strahlung for 2 hours. The bremsstrahlung 
was converted from the 19-MeV electron 
beam of the JAERI linear electron ac- 
celerator* using an water cooled gold traget 
of 0.9mm in thickness. The photon intensity 
was estimated to be an order of 10°r/min 
at the sample position. This was monitored 
with a roentgen rate meter and was checked 
with activations of Cu, Cs and Pb by using 
their well known yield curves.*) At the time 
of the irradiation the electron beam intensity 
was measured to be about 40 vA. The energy 
of the electron beam was found by an use of 
conventional magnetic analyzer. In order to 
avoid a heat up or vaporization of the sample 
by absorption of high beam power, the sample 
was filled in a cooling box. Fig. 1 shows the 
target assembly. In the irradiation many 
isotopes were produced from (7, ”) and (7, p) 


Au CONVERTOR 


—=— COOLING WATER 


wt 


5 CM 


Fig. 1. Target assembly. 


* The Model D-L-3 linear electron accelerator 
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reactions. Most of the activities, however, 
have well known decay characteristics and the 
interference from these activities was slight 
and could be corrected for. 

The gamma-ray spectrum were measured 
by means of a conventional scintillation 
spectrometer which consisted of a Nal(T1) 
crystal of 3.8cm thickness and 3.8cm in dia- 
meter coupled to a Dumont 6292 photomultiplier 
tube and a 256 channel pulse height analyser. 
In order to see the low energy part of the 
spectrum, a 0.2cmx2.5cm Nal(Tl) crystal 
was used. The spectrometer was calibrated 
with several well known peaks of the gamma 
rays from Pb?*, Au'®, Cs!87, Mn** and Na”. 
In the case of thin crystal, the low energy 
calibration was made from the KX-rays of 
Int) Cs?tnandPb?. a heverrors-inrenergy; 
measurements of the gamma rays were within 
+5 keV. Photopeak efficiencies of the crystals 
were taken by means of a coincidence method 
using the gamma-rays of Pb?°*, Au!*8 and Co®. 
The measured spectra were analyzed by the 
reference spectra of standard sources, and 
the gamma-ray intensities were calculated 
from the photopeak efficiency. 

The beta-ray spectrometer consists of a 
plastic scintillator of 2.5cm in height and 5 
cm in diameter shielded for light by 2 mg/cm? 
alminium foil, which was optically coupled 
with a Dumont 6292 photomultiplier tube. 
The used electronic circuit and pulse height 
analyzer was the same as that for the gamma- 
ray spectrometer. The spectrometer was 
calibrated with beta-ray end-point energies 
of the standard sources of In'4 and Au'!®* and 
was checked with the positron spectra of Cu®? 
and C" which were obtained from (7, ”) re- 
actions. The resolution of the plastic phospher 
was determined by the 624-keV internal con- 
version line of Cs!37, which was about 20% 
at this energy. A check of linearity of the 
Kurie plot was done, employing a Au!** source 
of 10 mg/cm? thick which has been subtructed 
for contribution of the Compton electrons 
(Fig. 2). The gamma ray was measured in 
standard position. The intensity ratio between 
beta and gamma ray gave a good check of 
photopeak efficiency. 

Strontium sample for beta-ray measurements 
was prepared as a thin layer obtained from 
aqueous solution of irradiated SrNO;. The 
errors in measured end-point energies were 
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within +50 keV. 

In order to determine which of the observed 
gamma rays is in coincidence with beta rays, 
beta-gamma coincidence measurements were? 
performed using a conventional coincidence? 
circuit whose resolving time was 27=1 psec.) 
Finally, coincidences between gamma rays} 
were investigated: with the help of two types; 
of coincidence counting arrangements. The) 
high energy part of the coincidence gamma, 
rays was viewed by a 3.8cm™3.8cm Nal(T])) 
crystal, and in the low energy part, a 0.2cm x | 
2.5cm Nal(T1) crystal was used. 
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Fig. 2. Kurie plot of Aut. 
§3. Results and Discussions 
3. 1. The Gamma Rays H | 


It was expected that the irradiated strontium. 
sample may have activities of Sr®™, Sr®, Sr8m 
and Sr®* from the (7, ”) reaction, and may 
have rubidium activities of mass number of | 
83 and 86 from the (7, p) reaction. And also, 
it was suposed, that any confusion may not 
occur by (7, a) and (7, mp) products, because 
the (7, a) reactions do not give any radioactive 
nucleides, and the (7, mp) reactions may 
produce negligible amounts of activities due | 
to the comparatively low bombarding energy. 

The measured gamma ray spectra showed 
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Decay of Sr’ 2365 


-the radiations of the activities mentioned <3 = 
above. In order to assign photopeaks in the 
spectra, the gamma-ray decay was followed ai 
for 20 days. At about 50 hours after the 


termination of the bombardment, strong dis- 
turbances by the short half-lived radiations of 
-Sr6™ (2.8 hours) and Sr**™™ (70 min) diminished. 
‘The sharp peaks at the energies of 0.510 and 
0.755 MeV were found and there are weak 
peaks at the energies of 40 and 385keV. 
The spectrum at 10 days after showed only 
.515- and 1.07-MeV gamma ray (Fig. 3). 
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Fig. 3. Gamma-ray spectra of irradiated strontium 
sample with 19-MeV bremsstrahlung. The 
circles and dots show the spectra at 50 and 400 
hours after the termination of bombardment. 
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Following the decays of each peaks, and con- 
sidering the decay schemes of well known 
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Fig. 4. Decay curve of the gamma ray of 755 keV. 
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Relative 


50 


100 


CHANNEL NUMBER 
Gamma-ray spectra of irradiated strontium 
sample taken by thin crystal scintillation spectro- 
The dots show the spectum at 50 hours 
after the termination of the bombardment and 
solid line shows the crystal response for 514 
keV gamma ray. 


intensities 


150 


of the measured 


gamma rays at the termination of the bombard- 


activities, it was found that the gamma ray Fahne 

of 0.515 MeV belongs to Sr**. The spectrum cael ae — 
around 1.07 MeV seemed composite, since the read Half-life | Nucleide aes 
decay curve showed that the half-lives were 

33 hours and 19 days. Although the spectrum 40 32.9 h res 0.18 
shape was not certain, the 1.07-MeV line in 385 32.9 h Sr88 | (0.45 

the spectrum at 400 hours after the termina- 388 2.8 h Sr8™m | 145 

tion of the bombardment was seen as a gamma 510 32.9 h Sr83 1.0 

ray accompanying the Rb®* decay. In addition 513 GS al | Sr8 0.70 

to the gamma rays, a new gamma-ray group 7595 32a hes) Sr83 0.55 

of the energies of 0.040, 0.385, 0.510 and 0.755 1080 19 d Rb36 225 108 
was found to have a half-life of 32.9 hours. a : : = 
The half-life was determined from the decay from background radiations (Fig. 4). A dead 


of 0.755-MeV peak without any disturbance 


time in the counting was automatically cor- 
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rected in spectrometer, which was verified by 
means of a half-life measurement of the well 
known decay of Sr*™ (2.8 hr). Then the low 
energy part was viewed again with thin 
scintillation crystal. As shown in Fig. 5, the 
existence of 40-keV gamma ray with a half- 
life of 32.9 hours was confirmed. Although 
the 40-keV line was found in good agreement 
with the measurement of the internal conver- 
sion lines by Castner and Templeton, the 
other lines of the energies of 74, 101, 151 and 
165keV reported in their article were not 
observed. 

The gamma ray spectra mentioned above 
were analyzed to each gamma ray using 
standard crystal response, and the intensities 
of the gamma rays were calculated from the 
photopeak areas and the photopeak efficiencies. 
The results are shown in Table 1. 


3. 2. The beta rays 

After a sufficiently long time (400 hours), 
the spectrum was only beta rays accompany- 
ing Rb® activity, which was verified from 
end-point energies of 1.77 and 0.7 MeV of the 
two groups and the half-life of 19 days. 
Again, the assignment was checked by a 
comparison between the beta-ray intensities 
and the gamma-ray intensity of 19-days com- 
ponent in 1.08-MeV photopeak using the 
established decay scheme. 

The beta-ray decay curve taken below the 
energy of 1MeV was found that it consisted 
of 19 days and 32.9 hours components. The 
spectrum at 50 hours after the termination of 
the bombardment was resolved by means of 
Fermi-Kurie analysis (Fig. 6). In this Kurie 
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Fig. 6. (a) is Fermi-Kurie analysis of the beta-ray~ 
spectrum of irradiated strontium sample. 
(b) and (c) are Fermi-Kurie analysis of Sr83 which: ||- 
are obtained from a subtraction of the contribu- 
tion by Rb®, 


plot, contributions of Compton electrons due, 
to the gamma rays have been subtracted. 
After the subtraction of Rb® beta ray, a 
known beta-ray group of the energy of 1.154). 
MeV was found. And from the successive 
subtraction, a new beta-ray group with a end-|)) 


point energy of 0.81MeV was found. The: 


intensity ratio of the 1.15- and 0.81-MeV/} 
groups was calculated to be 6: 4. , 
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3. 3. The Coincidence Measurements 

The beta-gamma and gamma-gamma coin- 
‘cidence measurements were very helpful for 
constructing the decay scheme. The beta- 
gamma coincidence spectra were taken by 
‘setting the single channel windows at 510 
and 385keV. The beta-ray spectrum gated 
by 510keV showed the beta groups of Sr 
without disturbance by Rb**. The coincidence 
ratio was obtained to be about 100%. In this 
calculation, the number of single channel 
window counts was corrected for the mixing 
“of the 514-keV gamma ray of Sr® using the 
gamma-ray decay curve. 

When the coincidence gate was opened by 
‘the photopeak of 385-keV gamma ray, the 
ecoincidence beta-ray spectra showed two 
groups with end-points around 0.81 and 1.15 
MeV. The1.15-MeV beta group was explained 
‘to be the coincidence counts with Compton 
‘pulses of 0.510-MeV gamma radiation contained 
in the window. The coincidence ratio bet- 
-ween 0.81-MeV beta group and 385-keV gamma 
‘ray was 20%. These results suggested that 
the 510-keV gamma radiations is annihilation 
‘quanta of the positron and the 0.81-MeV beta- 
ray group is in cascade with the 385-keV 
gamma ray. 

The gamma-gamma coincidence gate was 
-set at the photopeak of the 755keV gamma 
‘rays. Weak coincidence spectrum was ob- 
‘tained, which has a photopeak at the energy 
-of 510keV with the coincidence ratio of 4 
‘percent. The coincidence measurements gated 
-at 510 keV were performed for the relative 
position of 180° and 90° between two detecting 
‘probes. In the case of 180°, an outstanding 
‘peak at 510keV was found, and the coinci- 
edence ratio was about 100%, if the 510 keV 
‘radiation is actually annihilation quanta. From 
‘this results, in addition to previous discribed 
‘beta-gamma coincidence measurements, the 
'510-keV line was confirmed to be the annihila- 
tion quanta of the positrons of Sr®*. In this 
‘window setting, a coincidence peak at 755 keV 
-were found with a coincidence ratio of 2%, 
‘which was consistent with the case of 755-keV 
gate setting. 

By the coincidence measurements, at 90° 
relative position, it was found that the gamma 
‘rays of 385 and 755 keV were coincident with 
annihilation quanta, whose coincidence ratios 
were 30 and 2%, respectively. 
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From these coincidence measurements and 
analyzed single crystal data, it was consistently 
explained that the gamma-ray of 755keV is 
fed by positron decay of 2% and is mainly 
fed by the electron capture decay, and the 
20% of the 385-keV gamma ray is in cascade 
with the positron decay. 

The coincidence spectrum was also observed 
using the thin Nal(T1) scintillation crystal. 
It was found that the 40-keV gamma ray was 
coincident with only the annihilation radiation, 
which has a coincidence ratio of 20%. When 
the coincidence gate was opened by 385- and 
755-keV gamma rays, no coincidence gamma 
ray were found in the low energy region. It 
was, therefore, concluded that there are three 
excited levels of the energies of 40, 385 and 
755 keV. 


§4. Decay Scheme and Spin-Parity Assign- 
ments 


From a straight forward consideration of 
the experimental data, the decay scheme was 
tentatively proposed as shown in Fig. 7. 
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Decay scheme of Sr83, 


In the proposed decay scheme, the computed 
intensity ratios of beta rays were consistent 
each other, which had been normalized to 
the total decay. The log ft values of the 
positron emission or the electron capture decay 
were computed using Moszkowski’s nomogram. 

The high coincidence ratio between annihi- 
lation quanta and 40-keV gamma ray suggests 
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that the 40-keV gamma ray has a low multi- 
polarity. Since the half-life for 40-keV gam- 
ma-ray emission has been calculated to be the 
order of 10-!!, 10-*, 10-1° and 10-* second. for 
El, E2, Ml and M2 transitions, respectivly, 
and since the resolving time of the coincidence 
circuit is lysec, the transition of M2 type 
cannot be assigned. On the other hand internal 
conversion coefficients have the theoretical 
values of 1.4, 24 and 1.8 for El, E2 and Ml 
transitions, respectively. Since the E2 transi- 
tion is highly converted, the E2 transition 
does not seem to be the case. The ex- 
perimental conversion coefficients was calculat- 
ed to be 2 considering the ratio of electron 
capture and positron decay. Thus the transi- 
tion of M1 type is suggested. 

The ground state of Rb* has been found 
to be 5/2—. Because of the presence of 
either the allowed or the first forbidden beta 
decay to the 40-keV state without any cascade 
via 40-keV state from higher states, the as- 
signment of 7/2+ (and of course 9/2+) to 32.9 
hours Sr® is safely disregarded. The assign- 
ment of 1/2—, in the contrary, will make no 
contradiction. If we assume that the 40-keV 
level is a 3/2— state, the beta decays from 
Sr®? to the ground and the 40-keV states are 
explained consistently and the states would 
be connected by an M1 transition. Moreover 
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any higher states in Rb*? attained from Sr** 
does not necessarily require cascade decay 
via 40-keV state. Also the appearance of both. 
3/2— and 5/2— states as the lowest states in. 
Rb® is exactly what is expected from the 
systematics. As far the higher states observed. 
it seems to be most plausible to assign either~ 
1/2— or 3/2— from the beta decay log ft: 
values. Also from shell model it is difficult: 
to expect any low-spin even-parity states) 
although the log ft values observed do not: 
completely exclude such assignments. Spin, 
and parity assignments of the concerned levels; 
are also shown in Fig. 7. | 
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As® was produced by a strong bremsstrahlung from a linear electron 
accelerator. It was separated chemically from SeQO, irradiated by the 
bremsstrahlung. The decay of As?® was studied with the aid of scintilla- 
tion spectrometers. From the information of the gamma and beta spectra 
and of the coincidence measurements, the decay scheme of As7? was 


proposed. 


$1. Introduction 

In the previous investigation” using a be- 
tatron, new gamma rays of 360, 440, 725 and 
890 keV were found in the decay of As’, 
Because the bremsstrahlung from the linear 
electron accelerator was very intense, the 
scintillation spectrometry of the radiation from 
As*® was performed with a good statistics, and 
also with councidence measurements. 

Since the lower state of Se” has not been 
known at all, it was considered worth while 
trying to construct the decay scheme of As” 
from such an investigations. 


$2. Experimental Procedure 

The activity of As’? was made from the (7, 
p) reaction of selenium by bombarding SeO: 
sample for 10 minutes each time. Because 
of the activation due to the (7, p) reaction, 
the accelerator was operated at 24MeV. When 
the selenium sample was irradiated by brems- 
strahlung, strong disturbances by selenium 
activities of (7, 2) products occurred. Thus a 
separation between selenium and arsenic was 
required. The procedures of chemical treat- 
ments areas follows: The irradiated selenium 
dioxide of 0.5 gram was disolved to hot 10N 
HCl with arsenic carrier. The arsenic activi- 
ties could be extracted by CCly. Furthermore, 
in order to measure the beta-ray spectrum, 
the activities were precipitated on the filter 
paper as a from of arsenic sulfide. In this 
case, the arsenic activities in CCl, were ex- 
tracted by dilute NaOH aqueous solution, which 
were precipitated by using HeS gas. 

The beta and gamma-ray measurements 
were made with the aid of scintillation methods 
‘using conventional scintillation spectrometers. 
In order to establish the decay scheme, gamma- 
gamma and beta-gamma coincidence measure- 


ments were tried. Details of the spectrometers 
and the irradiation methods of the sample 
were same as that described in the previous 
article’. 


§3. Results and Discussion 


The gamma-ray spectrum obtained from the 
chemically treated sample is shown in Fig. 1. 
This was taken for 2 minutes at 10 minutes 
after the bbmbardment. Analyzing the spectra 
and following the decay, a peak at 540 keV 
was assigned to belong to As’, besides the 
previously reported gamma rays. The low 
energy part below 300 keV except the 96-keV 
peak seemed to be the bremsstrahlung from 
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Fig. 1. Gamma-ray spectrum of As’®. The dashed 


line shows the contribution by bremsstrahlung 
of the beta rays. 
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Table. I. Relative intensities of the gamma 
radiations of As”. 
Energy (keV) | Percent of total decay 
355 7, 
430 2 
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Fig. 2. Kurie plot of coincidence beta-ray spectra. 
(a), (b) and (c) show the Kurie plots gating by 
the gamma rays of 890, 430 and 355 keV. 
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the beta ray of As”, which was checked by 
using the bremsstrahlung of P®? source. From © 
the intensity of 96-keV gamma ray, the number © 
of total disintegration of As*® was computed, | 
correcting for the 3.9 min half-life of Se™. 
The intensity ratios per total decay were 
“calculated, which is shown in Table I. 
Although in the beta-gamma coincidence 
measurements the linearity of the Kurie plots 
were not good, the changes of the end-point 
energy were clearly observed. When the co- 
incidence gates were opened by the gamma 
rays of 890, 430 and 355keV, it was found 
that the end-point energies of the coincidence 
beta spectra were 1.25, 1.70 and 1.80 MeV as 


shown in Figs. 2(a), 2(b) and 2(c). In the case 
| 
203= | 
PN | 
a ee 
YOR 
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ae i 
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Fig. 3. Fermi-Kurie analysis of beta-ray spectra 
in coincidence with 540-keV gamma ray. 
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Fig. 4. Decay scheme of As?9. 
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of the gating with the 540-keV gamma ray, 
the beta-ray spectrum was disturbed by a 2.45 
MeV of As which is in coincidence with a 
550-keV gamma ray. However, after subtrac- 
tion of the 2.45-MeV beta-ray group an end- 
point energy of 1.25 MeV was obtained. (Fig. 
E 3): 

It was, therefore, concluded that there are 
455-, 530- and 990-keV states. Because of an 
absence of any coincidence gamma ray of 725- 
keV, it was also suggested that a 825-keV 
States exists. Thus, a tentative decay scheme 
was proposed as shown in Fig. 4. From the 
proposed decay scheme and the gamma ray 
intensity ratios, the log ft values of the as- 
sociated beta transitions were computed as 
shown in the same figure. Since the ground 
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state of As’ is probably 3/2- from the systema- 
tics, the states observed here seem to be 
mostly 1/2- or 3/2- states. 
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to Mr. T. Tamura for kindly help during the 
course of the measurements. Finally, he 
wishes to thank Dr. K. Miyazaki for his in- 
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The cross sections for the production of isomeric pairs in the following 
reactions with 14 Mev neutrons have been ineasured by the activation 


method using the sample sandwiched plastic scintillator: 
(10+2 mb); 


(25+5 mb), As(n, p)Getm 


As®(n, p)Ge% 


Br8(n, 2n)Br8° (470+50 mb), 


Br®!(n, 2n)Br80™ (510 +50 mb); Ba!#8(n, a)Xe!35(13-+2 mb), Ba!88(m, a)Xel35m (13 
+2mb); Hot6&(n, p)Dy1% (40+10 mb), Ho'%(n, p)Dy1™ (<1mb). Their 
isomeric cross section ratios are compared with the statistical model calcula- 
tions based on the method of angular momentum sampling. For Br8!(m, 2n) 
and Ba!38(m, a) reactions, these ratios can be reproduced by these calcula- 
tions with the value of the level density parameter o=4+1, but not for 


the other two. 


The disagreement in As%5(m, ») reaction can be explained 


by the predominance of the direct interaction process. 


$1. Introduction 

The purpose of the present paper is to 
describe the measurement of some cross 
sections for the production of isomeric pair 
by 14Mev neutrons and to compare their 
isomeric ratios with the calculations based on 
the statistical model of nuclear reaction. 
When the isomeric states are formed through 
some nuclear reaction, the ratio of the cross 
sections for the production of each state is 
called the isomeric cross section ratio or 


briefly the isomeric ratio”. This ratio seems 
to be governed mainly by the spins of initial 
and final states and of these levels which 
participate in a gamma-ray cascade. Though 
the cascade process is considerably compli- 
cated, there is an experimental evidence 
indicating that for intermediate and heavy 
elements the gamma-ray spectrum has an 
average multiplicity of 3 to 5”. Further, 
dipole transitions are known to be favored 
over transitions of high multipolarity in a 
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cascade. Using the above informations and 
taking appropriately the population of spins 
of initial state nuclei based on some reaction 
model, we might have a rough estimation for 
the isomeric ratio. In such calculations, the 
spin distribution of the highly excited levels 
must be considered which is related intimately 
to the structure of those levels?) Then, in- 
vestigation of the isomeric ratio has a possi- 
bility of giving valuable information about the 
nature of highly excited nucleus. Further, 
if the reaction proceeds partly through com- 
pound nucleus formation and partly through 
direct interaction process, the isomeric ratio 
can also be used to give a measure of the 
relative importance of these processes. 

Many experiments on the production of iso- 
meric pairs have been reported*)!®). Meadows 
et al’. and Meteosian and Goldhaber'®) have 
tried to explain their experimental results 
following the above consideration. Recently 
Huizenga and Vandenbosch’” have calculated 
quantitatively the isomeric ratios for thermal 
neutron capture reactions and for (7, ”) reac- 
tions on the basis of the statistical model. 
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Further, they have measured the isomeric 
ratios for several reactions which lead to the 
isomeric pair of Hg'®? and analysed them 
successfully by the same kind of method’. 
Such experiments and analyses require 
further researches on the structure of highly 
excited nucleus as well as on the reaction 
mechanism. Generally, the measurement of 
the cross section for the production of the 
isomeric state is not always easy, because the 
radiation from isomeric transition is difficult 
to be detected. Most of the experiments on 
the isomeric ratio have been done by the use 
of thermal neutron or charged particle reac- 
tions in which large intensity of incident 
beam is available. For 14 Mev neutron reac- 
tions, aS neutron beam intensity is rather 
small to produce sufficient isomeric state 
nuclei, there have been only 6 cases exam- 
ined:. Dy**4(, 7), Nd#2(”, a),  Er#®8(2, at); 
Hen, 22)!), Sc*8(n, 2n) and Sen, 2)!*). 
Recently, a method of sample sandwiched 
scintillator, which has an excellent character 
for the measurement of weak activities, has. 
been developed in Konan University. This. 


Table I. Summary of conditions for measurements. Spins of levels in parentheses 
are considered tentative. 
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method being used, the cross sections for the 
production of each state of isomeric pairs for 
the reactions shown in Table I have been 
measured in the present experiment. The 
resulting isomeric ratios are compared with 
the calculation similar to that described in 
reference 17). 


§2. Experimental Procedure 


2.1 Sample sandwiched plastic scintillator 
The sample sandwiched scintillator is a 

block of target foils and plastic scintillator 

plates which are laminated alternately. After 


having been irradiated by fast neutrons, this 
block is viewed from both sides with two 
photomultipliers to detect the scintillations — 
due to the induced activities. In this way the 
solid angle subtended by the sample at the 
detector becomes very large and compara- 
tively large amount of target sample with 
small thickness is available. These features. 
are especially useful for the detection of weak 
radiation with small energy. Further, the 
procedure for setting an irradiated block to 
the counting device is so simple that the 
measurement of short-lived activity, such as 
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of the order of several seconds, becomes very 
easy. The details of this method and the 
characteristics of the sandwich detector were 
reported previously2”. 

All target materials used were powder 
forms. In order to make them foil forms, 
they were ground very finely in an agate 
mortar and spread uniformly on a thin back- 
ing paper. They were fixed with thin ethyl 
acetate solution of plastic and covered by 
another backing paper. The thicknesses of 
the target layers were about 20 mg/cm? in all 
cases. The uniformity of target thickness 
thus obtained was rather good and caused 
almost no error in the final result. The 
thickness of the backing paper was 2.6 
mg/cm?. 

These target foils of about 20 sheets whose 
size was 7.5x28mm in area were piled up 
alternately with the plastic scintillator plates 
of 1 mm thick and of the same area, as shown 


in Fig. 1. They were bound by a strip of 
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Fig. 1. Schematic illustration of a block of sam- 


ple sandwiched scintillator. A is a plastic 
scintillator plate of 1mm thick and 7.5mm x 28 
mm in area. B and D are the backing papers 
between which a uniform layer of target sam- 
ple C is firmly held. E isa strip of “celotape ”. 
Such layers were piled up about 20 times in 
actual use. 


“celotape” so as to form a block. The total 
amount of the target material was about 1 gr 
in each case. 


2.2 Neutron irradiations and monitoring 
Fast neutrons were obtained by bombarding 
a tritiated zirconium target with 170kev 
deuterons from a Cockcroft-Walton Acceler- 
ator. The neutron output from this target 
was found by counting the associated alpha 
particles from the T(d,m)a reaction in a 
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known geometry and at an angle of 90° to 
the beam. Alpha particles were detected 
with CsI crystal mounted on a photomultiplier 
Dumont 6292 and its outputs were recorded 
automatically every specified period of time. 
Neutron emission from the target varied from 
10° to 10° per second during the course of 
experiments. A sample sandwiched scintil- 
lator for irradiation was centered on the 
equatorial plane defined by the deuteron beam 
and the zirconium target and at a radius of 
ocm or 10cm. Then the energy of neutron 
at the target was 14.1++0.2 Mev. 

2.3 Activity counting and data analysis 

After neutron irradiation, the activated 
block was set between two photomultipliers. 
RCA 6342 and their coincident outputs were 
recorded automatically. The unnecessary 
activities caused by the neutron irradiation of 
carbon and oxygen in plastic and backing 
paper did not complicate the decay curves 
for our targets. Only the activity of half-life 
of 7.35 seconds due to the reaction O'%(m, p)N*® 
appeared, which did not disturb the analyses 
of the decay curves. 

In calculating the cross sections for the 
formation of each state of the isomeric pair 
from the decay curves, it should be taken 
into account that the nuclei in the metastable 
state decays via the ground state with some 
branching ratio. The method of calculation 
of the cross section for the production of 
genetically related pair is given in Appendix 
I. In evaluating the total detection efficien- 
cies 7m and yy in these formulae, the decay 
schemes of Nuclear Data Sheets*') were re- 
ferred to. When the conversion coefficient 
of any gamma ray was not known, the two 
extreme cases were compared with each 
other: in one case this gamma ray had not 
converted at all, while in the other all gamma 
rays had converted. Thus it was found that 
the detection efficiencies were mainly deter- 
mined by the known data only and the 
differences of the above two cases were within 
experimental error. The detection efficiencies 
for the radiations of each product nucleus are 
given in Table I. Those for the radiations 
from the metastable state nuclei are rather 
small as expected, but their order of magni- 
tude is such that they can be detected. 


$3. Results and Discussion 
The measured values of the cross sections 
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Table II. Cross sections for 14 Mev neutron reactions and their isomeric cross section ratios. 


| Cross section 


Fmetastable /¢ground 


Reaction | (mb) ES cae lee pele wget pee 

| i 

Aston piGersn vt 1042 5 enn i 5.8 5.0 sch 10.0 : 

Brsiin, 2nJBrion Sets é bod OHS {eG Ogg eS ; 
- Baits, a)Xesin i342 ae Hoge 0.99 0.85 "0.79. ge 
~ Howe pores et | cogs | gods Ould 08 Oe 


are given in Table II. A large percentage 
of the quoted errors came from counting 
statistics. 

For As(n, p)Ge% reaction, Paul and 
‘Clarke. reported the cross section of 11.8 
mb+20% which is about a half of the present 
value. The total cross section for As**(, p) 
reaction, i.e. the sum of two cross sections 
for the production of each state of Ge, is 
35+6mb in the present experiment. This 
agrees very well with the value of 33mb 
calculated by Brown and Muirhead”). In 
their calculation the contributions to the cross 
section of this reaction from the compound 
nucleus formation and from the direct interac- 
tion process were 3 mb and 30 mb respectively. 
Then, for this reaction the direct interaction 
process takes a large part in the reaction 
mechanism. This fact is also inferred from 
the consideration of the isomeric ratio as will 
be discussed later. 

For Br*!(7, 2”)Br®™ reaction, the reported 
values are 828 mb+20%22,) and 752mb+ 
9.4%), which are considerably large com- 
pared with the present value 510-50 mb. 
While, the total cross section for Br®(z, 2”) 
reaction is 980+-70 mb in the present experi- 
ment, which agrees with the value of 1000 mb 
calculated on the basis of statistical model?22’. 

There are no experimental data on 
Ba’**(n, a) and Ho'®(n, p) reactions; however, 
the cross sections for both these reactions are 
expected to be of the order of 10 mb from the 
general trend of the measured cross sections 
for (m,@) and (u,f) reactions by 14 Mev 
neutron”), The present values of total cross 
sections for Ba'*(m, a) and Ho!*5(m, p) reactions 
are 26mb and 40 mb respectively. These are 


somewhat larger than the expected values. 
Let us now consider the isomeric ratio. 
The experimental and theoretical values for 
this ratio are given in Table II. The theo- 
retical calculation was done using a method 
similar to that of Vandenbosch and 
Huizenga!”, an outline of which is described 
in Appendix II. The evaluation of the trans- 
mission coefficients for the incident and 
emitted particles are needed in this calcula- 
tion. For incident particles, the transmission 
coefficients were calculated from the standard 
formulae in which use is made of a real 
potential well having such a depth that zero- 
energy neutron penetrating into the nucleus 
has a wave number of 10!2/cem-! 25), Even such 
approximation of the strong interaction model 
is sufficient for the calculation of the relative 
values of the transmission coefficients with 
various orbital angular momenta. For the 
emitted particles, for simplicity, they were 
treated as neutral irrespective of their actual 
charge. The effect of ignoring the Coulomb 
barrier is such that the transmission coef- 
ficients of the particles with high orbital 
angular momentum become relatively larger 
than the actual. But this fact does not seem 
to affect the final results seriously, because 
our calculation of isomeric ratios are very 
rough and only the order of magnitude may 
be reliable. The energy distribution of the 
emitted particles is known to be Maxwellian 
on the statistical model, but all particles were 
assumed to be emitted with the mean kinetic 
energy given by evaporation theory. This 
approximation has been justified in reference 
17). The nuclear temperature was assumed 
to be 2 Mev in consideration of the experi- 
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mental results of Gugelot?® and Ashby et al.2” 
The number of steps in the gamma-ray 
cascade was taken in actual calculation as 3, 
4 and 5 in consideration of the experimental 
result on the multiplicity of cascade gamma- 
rays». But, as can be seen from Table II, 
the variation of this number does not cause 
serious difference in the calculated values of 
the isomeric ratios. 

For Br*(m, 2m) and Ba'*8(7, w) reactions, the 
experimental isomeric ratios can be repro- 
duced by the statistical model calculation with 
the level density parameter o=4+1. This 
value of o is similar to that deduced for the 
reactions leading to Hg!*’ pair!”. Those reac- 
tions may then be thought as _ proceeding 
mainly via compound nucleus formation. 
This has also been suggested previously in 
connection with the total cross section for 
Br®(n, 2”) reaction. 

In As'5(m, p) reaction, the calculated iso- 
meric ratio is about 10 times larger than the 
experimental one. This discrepancy may be 
attributed to the predominance of the direct 
interaction process in this reaction. In the 
direct interaction process the emitted proton 
may bring out large angular momentum, and 
consequently the final spin distribution of the 
residual nuclei may shift considerably toward 
the part of smaller spins. Then the cross 
section for the production of the metastable 
state with larger spin is expected to become 
smaller than that calculated on the basis of 
the statistical model. Actually the direction 
of discrepancy agrees with this consideration. 

The experimental isomeric ratio for 
Ho!**(u, p) reaction is somewhat smaller than 
that of calculation. The direction of dis- 
crepancy in this case is opposite to that 
suggested by the direct interaction process. 
In order to reproduce the experimental iso- 
meric ratio, it is necessary, for example, to 
change the value of level density parameter 
o. But, as the cross section for the produc- 
tion of the metastable state nuclei in this 
reaction was too small to determine the 
isomeric ratio definitely, further careful ex- 
periment is needed before considering this 
problem in more detail. 

The method of the angular momentum 
sampling for the analysis of the isomeric 
ratio was confirmed to be valuable. But more 
comparison with other experiments are needed 
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to establish its reliability and further refine-. 
ment are needed to deduce any useful, 
accounts for the structure of the nucleus and. 
the reaction mechanism. 
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Appendix I 
Analysis of decay curve 

The cross sections for the production of 
each state of isomeric pair can be deduced 
from the decay curve as follows. 

Consider the case where the branching’ 
ratio between de-excitation and beta-emission 
for the decay of the metastable state is «. 
In the following, suffixes m and g stand for’ 
the metastable and ground states respectively... 
Let xm and xy be the numbers of nuclei at 
the time ¢ after the end of the neutron irradia-- 
tion, Am and 2’, be the decay constants, and 
nm and yg be the detection efficiencies for the 
radiations from each state. The activity 
counts per unit time at time ¢, n(t), is given. 
by 

nt) = NmAmKm ae Nh gXq 


=Vm EXP (—Amt)+v9 exp (—Agt) , (1) 


| (2) 


Here %m° and x,° are the numbers of each. 
nuclei at immediately after the neutron 
irradiation. Thus, in this case also, the 
decay curve can be divided in two parts, 1.e. 
exp (—Amt) term and exp (—Agt) term. 

As the beam current fluctuated in time, the 
total irradiation time was divided in many 
small time intervals during which beam cur- 
rent could be considered to be constant, and 


where 
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the contributions from every parts were 
summed to estimate the quantities *%»° and 
xo. Now let Qn(i) and Q,(z) be the direct 
production rates within time interval 7; at 
time ¢t; before the end of bombardment, then 


Xm? = py Sul {1 exp ( AmT +)\ 
x exp (—Amti) ? 
Hee {| s+ nan 
+ 7 ia xuli)| exp (—Agti) 
ae Xmo(t i) exp (—Ants)} ‘ 
where 
m0) = onl [l—exp ( —Am li ») ; 
xgi)= 22 a (i—exp(—a,7 oI , 
: inTs)| ri 
Sars = COPA) of ee po m 4) 


1 It 
cam —AgT;)}. 
ce G coe oreo ae | . 


The production rates Qn(Z) and Q,(i) relate 
to the relevant reaction cross sections om and 
Og as 

Qnt)=1t)onN, Qot)=Id)ogN, (5) 
where /(z) is the flux of the neutrons at the 
point of target and JN is the total number of 
target nuclei. Combining Eqs. (1)~(5), we 
have the cross sections 


ae Le Ame _ Ym 
N Gnodoyym—etone. Sm 
a afd es 
N lag Sg : 
Em _ Ym 
Cie Vine Elgg ay : 
where 


on > afl — exp (—AnT) exp (—Anti) , 


Sg= > [t)[1—exp (—’yTi)] exp (—Agt:) . 


S 

Appendix II 
Statistical model calculation of the 

isomeric ratio 

The isomeric ratios are calculated by 

spin sampling method similar to that of 
Vandenbosch and Huizenga!”), 

Let the reaction proceed by the compound 
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nucleus formation mechanism. If every 
particle that penetrates the potential barrier 
be assumed to be captured, the distribution 
of the angular momentum, Jc, of the com- 
pound nuclei will be given by 

I+s Its 


2Jo+1 
eae 2 (9e4+1)(9T741) 
o(Je, E)=nxX se J=17,-81 (2s+1)(2I+1) 


Ti), 

ar 
where Z is the de Broglie wavelength of the 
incoming projectile, s is the spin of the 
projectile, J is the spin of the target nucleus 
and 7,(£) is the barrier transmission coef- 
ficient of a particle with orbital angular 
momentum / and energy EL. 

This initial distribution of angular momen- 
tum values will be modified by the emission 
of particles and finally gamma-rays. 

The relative probability for a compound 
state with angular momentum /- to emit a 
particle with orbital angular momentum /7 and 
spin s’ leading to an excited residual nucleus 
with spin J is given by 


evi 


Pe Pea er re 


S=|J—s’| l=|J,—S8| 
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where 7°(£) is the barrier transmission coef- 
ficient for an outgoing particle with orbital 
angular momentum 7 and energy EF. The 
level density of the residual nucleus with 
spin J, e(J), is predicted theoretically to be 
of the form® 

eT o< e(0)(2J+ 1) exp [—(J+4)?/207] , (3) 
where (0) is the density of levels with zero 
spin, and o is a parameter characterizing the 
spin distribution function. The distribution 
of the spin, J, of the excited residual nuclei 
is then given by 


n{J)oc 3 o(Je, E)PJe, J) « 


If a second particle is to be evaporated, this 


(4) 


distribution is modified further. For two 
particle emission, this becomes 
Mee SiO Jo, LPC fen: fr laes |) ae 


where jm is the spin of the excited residual 
nucleus after the emission of the first 
particle. 

The excited residual nucleus decays to the 
metastable or ground state by the emission 
of cascade gamma-rays. Instead of consider- 
ing the actual nucleus with only two states 
of the isomeric pair, fictitious final nucleus is 
assumed which can take any value of spin. 
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After calculating the spin distribution func- 
tion for this fictitious final nuclei, one deduces 
the relative populations of each state of 
isomeric pair from this distribution function 
by using some appropriate criterion. 

For simplicity it has been assumed in our 
calculation as in reference 17) that all transi- 
tions occur through dipole emission and all 
transition matrix elements are the same. 
Denoting the probability that the excited 
residual nucleus with spin J to emit » dipole 
gamma-rays leading to a fictitious final nu- 
cleus with spin j as Q.(J,7), we have the 
following distribution of spin, 7, of the 
fictitious final nucleus 


NAPs BANOO, I - (6) 


‘The values of Q.(J,7) can be obtained easily 
using the rule of the angular momentum 
coupling. Defining 


. os) 
Bi ticnp g= D5 o FG = 
a 7) 
eee RT FE IIR FAD)’ 
oJ) 
oF oj- ee 1)+(f)’ 
and 
T0(0) =—() ’ x(1/2)= ——————— 


Ado on 
(0) =0 ; qex(Gls) == 1% TA 1/2) = 


eee a2) eS 
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we obtain 

| QS, J-=24(J-D , | 
QJ, J=m(S) , C9) 
OW, JED=zJ +1), 

and generally 


QJ, D=r+J—-YQWI-1, )+mNOS, 1) 
+2(J+lQAJ+1,7) 
=QAJ, i+) r())+OY, Dol J) 
tO j= lze(pe (10) 
In the above calculation it has been assumed 
that levels of both parity are present in equal 
number, and then it is not necessary to dis- 
tinguish the electric and magnetic radiations. 
To determine the populations of each state 
of the isomeric pair from the fictitious final 
spin distribution thus obtained, the following 
criterion was taken which differed somewhat 
from that of Huizenga and Vandenbosch". 


That is, the fictitious final spin distribution is 
divided into two parts by the middle value of 
two spins of the isomeric pair, and the number 
of states in the part containing the spin 
value of the metastable state is assumed to 
be the population of the metastable state and 
that in the other part containing the spin 
value of the ground state is assumed to be 
the population of the ground state. Huizenga 
and Vandenbosch took the spin distribution 
just before the final cascade gamma-ray 
instead of the final spin distribution. Since 
the multiplicity of cascade gamma-rays did 
not affect so much the final result in our 
calculation, this difference in criterion was 
not important for the present. When there is 
an intermediate level between the metastable 
and ground states, the division was done with 
the middle value of the spins of the meta- 
stable and intermediate states. This is the 
case for Br®(m, 2m) reaction. 
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Angular Distributions of Alpha-particles from F’, Al” and P* 


bombarded with Protons 
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The angular distributions of the alpha-particles were obtained for the 
reactions F19(p, a)O'6 leaving the residual nucleus in the ground state, 
Al??(p, a) Mg?4 and P%!(p, a) Si28 leaving the residual nuclei in the ground 
and first excited states at four bombarding energies between 6.0 MeV and 
7.4MeV. The angular distribution for the reaction F'8(p, a)O shows 
the backward peak at each energy, but at small angles it depends on the 
bombarding energy. The angular distributions for the reactions Al27(p, 
a) Mg*4 and P3!(p, a)Si?8 are also energy-dependent, but contain a larger 
isotropic part than those for the reaction F!®8(p, a)O16. The integrated 
cross sections for the reactions Al2’(p, a)Mg?4 and P%(p, a)Si2® leaving 
the residual nuclei in the first excited states are several times as large 
as those for the reactions leaving the residual nuclei in the ground states. 
It appears unlikely that these reactions can be accounted for by the forma- 
tion of compound nucleus or by simple direct interaction. The possible 
mechanisms through which these reactions may take place are discussed. 


$1. Introduction 


Many experiments on the (p, @) reaction 
have been performed so far for light elements. 
At the energies of incident protons of lower 
than 4MeV, the experiments provided some 
informations about the properties of the levels 
of compound nuclei and of residual nuclei. 
At higher energies, however, this reaction 
cannot be interpreted sufficiently as a process 
through one or more excited states of com- 
pound nucleus, and some forms of direct in- 
teraction process must be postulated. 


Even at low energies such as 2 or 3 MeV,, 
the (p, @) reaction does not indicate the be- 
haviour of simple resonances of compound] 
nucleus”, while, at the energies lower than 2? 
MeV, it may be satisfactorily analysed by us-| 
ing the resonance theory of nuclear reaction”. | 

At higher energies, the angular distributions. 
of alpha-particles show that the (p, a) reactions} 
may be given rise by Butler’s surface direct: 
interaction process (pick-up or knock-on) 
process)* 4.) or by quasi free proton-alpha| 
collision process. But, in the energy region. 


— 


—=SF 


| 
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between 8MeV and 12MeV, the angular 
distributions of alpha-particles which leave the 
residual nucleus in the ground state or low 
lying excited state show that the dependence 
of these shapes on the incident proton energies 
is greater than that predicted by the simple 
direct nuclear reaction theories®. 7.8. %, 

At the energies of around 7 MeV of incident 
protons, therefore, the mechanism of (pf, a) 
reaction is not simple, but may be cleared up 
by taking account of the nuclear structure, 
i.@., the nature and the properties of the 
ground and excited states of nucleus. The 
investigation of the rearrangement reaction 
such as (p, a) in this energy region, especially 
on light elements, is one of the most im- 
portant steps to make clear the reaction 
mechanism in connection with the nuclear 
structure. Since the (pf, a) reactions with the 
protons of around 7MeV had not yet been 
studied, the angular distributions for the (/, 
a) reactions on F!°, Al?’ and P#! were measured 
as a first step. In the reaction F!°(p, a) O", 
the emitted alpha-particles are considered to 
be little affected by the Coulomb barrier due 
to the positive large reaction Q-value (8.119 
MeV), although the Coulomb effect becomes 
important for the reactions Al?"(p, a)Mg** and 
P*1(p, a)Si?8, in which the reaction @-values 
are 1.595 MeV and 1.920MeV respectively’, in 
this energy region of the incident protons. Ac- 
cording to the shell model!”), F!® consists of the 
core (O'*) and outer one proton and two 
neutrons in 2s1/2 state, Al?’ has one proton 
hole in the closed sub-shell of 1d5/2 (Si**), and 
Pt has the closed sub-shell of 1d5/2 (Si®*) and 
outer one proton and two neutrons in 2s1/2 
state. The difference of Q-values between the 
reaction F!9(p, a)O** and the reactions A*’(, 
a) Mg” and P*!(p, a) Si®® which seems to be 
due to the difference of hardness of the residual 
nuclei, is comparable with the incident proton 
energies. Thus the measurements of the 
angular distributions of emitted alpha-particles 
from the reactions of F!°(p, a)O', Al?"(p, a) 
Mg*4 and P*(p, a)Si®® at the energies of 
around 7MeV are considered to give some 
informations about the elementary mechanism 
of the rearrangement reactions. In the pre- 
sent paper, the angular distributions obtained 
for these reactions are given, and tentative 
interpretations of the results are attempted. 


(p, a) Reactions on F'9, Al?’ and P31 
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§ 2. Experimental Procedure 


The 7.4 MeV proton beam from 105 cm Kyoto 
University cyclotron was focused with a pair 
of the quadrupole magnets in front of the beam 
collimator which consists of two diaphragms 
of tantalum plate of 1mm thick and each 
with a hole of 2mm in diameter and 36cm 
apart each other. The spread of the beam 
brought into the scattering chamber was less 
than 5mm in diameter on the target. The 
beam current was collected with a Faraday 
cup and integrated with the beam integrator 
similar to that described by Higinbotham et 
al.**), and its average was about 0.1 pA. 

The scattering chamber of 52cm in diameter 
has a turn table and a target holder, both of 
which can be separately rotated about the 
same axis. The beam centre intersects per- 
pendicularly to the axis. The targets are put 
on the target holder and can be moved along 
the axis. One of those can be bombarded at 
a desired angle with respect to the direction 
of the beam. The beam energy was determined 
by measuring the range in aluminium and 
by using the range-energy relation obtained 
by Bischal ef al.‘”, and the spread was 
estimated to be within 100 keV. Lower proton 
energies are obtained by degrading the beam 
with aluminium absorbers. The details of the 
scattering chamber and the method of energy 
determination will be described elsewhere!®. 

The F!® target was a teflon (C2F.), film of 
0.6 mg/cm? thick fastened to a copper plate 
frame. A commercial aluminium foil of 0.18 
mg/cm? thick was used as the Al?’ target, and 
the target P*! consisted of fine powder of red 
phosphorus deposited on 0.25 mil mylar sheet. 
The target thickness was 0.3 mg/cm? for P#!. 

The detector for the reaction F!°(p, a)O** 
was a counter telescope consisting of a pro- 
portional counter (dE/dx counter) of effective 
length of 2.5cm and of pressure of 40 cmHg 
(A+CO:(5%)) and a scintillation counter (EF 
counter) in which the thickness of CsI crystal 
was 0.16mm. The defining slit in front of 
the window of the proportional counter was 
of 1.4mm wide and 3.7mm high, and was 
placed at a distance of 105 mm from the centre 
of target. The counter telescope and the 
associated electronics are schematically shown 
in Fig. 1. The pulses from the proportional 
counter were amplified and fed to a discrimi- 
nator and a 100 channel pulse-height analyser. 
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It™could be confirmed at each run that the 
level of discriminator was suitable for separat- 
ing the alpha-particles from the protons. The 
pulses from the scintillation counter were 
amplified and fed to a 20 channel pulse-height 
analyser, of which the gate was opened with 
the gate pulses from the discriminator men- 
tioned above. 

A proportional counter of effective length 
of 10cm was used to detect the alpha-particles 
from the reactions Al*’(p, a)Mg*™ and P*(p, 
a)Si%®, because the energies of the emitted 
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Fig.f1., Detector system used for the alpha-particles 
from the reaction F!9(p, a) O%. 
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Al? (p, a) Mg?4 and P31(p, a) Si?8. 
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Fig. 3. Typical pulse-height distribution of the 
alpha-particles from the reaction Al??(p, a) Mg?4 
with 7.4 MeV protons observed at the laboratory 
angle of 40°. 
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alpha-particles are considerably lower than 
that in the reaction F°(p, a)O%. The defin- 
ing aperture on the counter window was 3.2 
mm in diameter. The counter was set on the 
turn table such a manner that this aperture 
was at a distance of 87mm from the centre 
of the target. The counter gas consisted of 
A and CO2(3%). "The pressure of gas could 
be varied from 10 cmHg to 50cmHg, so as to 
fit the maximum range of alpha-particles from 
the reactions just to the effective length of 
the counter. Then the pulse-height of the 
protons could be reduced to a minimum. The 
pulses from the counter were amplified and 
fed to a 100 channel pulse-height analyser. A 
typical example of the pulse-height distribution 
is shown in Fig. 3. 

The monitor counter consisted of a Csl 
crystal of 0.7 mm thick and a photomultiplier, 
and was mounted in air to the side-wall window 
of the scattering chamber at an angle of 35° 
with respect to the direction of proton beam. 
The particles scattered by the target passed 
through an aperture of 2mm in diameter and 
an aluminium foil of 13y thick, and were 
stopped in the CsI crystal of 0.7mm thick. 
The number of pulses near the elastic peak 
in the pulse-height distribution was used asa 
beam monitor. 


When the P*! target was bombarded, there 
was an anxiety to dissipate the powder of P*! 
and to vary the ratio of the number of protons 
scattered by P* to that scattered by the mylar 
backing. The measurements of the yield of 
alpha-particles from the reaction P*!(p, a) Si? 
were repeated at the fixed angle after several 
runs. It was confirmed that there was no 
dissipation of the powder of P*! deposited on 
the mylar sheet during the measurement of 
the whole angular distribution of alpha-particles 
from the reaction P*!(p, a) Si?%. 


§3. Results and Discussions 


Fig. 4 shows the angular distributions of 
alpha-particles from the reaction F'°(p, a) O%% 
leaving O° in the ground state, as obtained 
at the energies of incident protons of 6.0 MeV, 
6.5 MeV, 6.9MeV and 7.4 MeV, respectively. 
The error bars represent uncertainties due 
to counting statistics which are the main part 
of the overallerrors. The errors in the absolute 
values of differential cross sections were due 
to uncertainties of beam integration and target 
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thickness, and were estimated to be within 
20%. The differential cross sections of the 
angles larger than 100° are quite alike and 
show backward peaking at each energy. The 
forward peak appears at the energies of 6.0 
MeV and 7.4MeV, but does not appear at the 
energies of 6.5 MeV and 6.9MeV. The angu- 
lar distribution at the energy of 7.4MeV is 
smoothly connected to that obtained by Ogata” 
with 8.0 MeV protons. The angular distribu- 
tions at the energies of 6.0 MeV and 6.5 MeV 
accord in shape with those obtained by Teplov 
et al.*) at nearly the same energies but disac- 
cord in the absolute value of cross sections. 
The angular distributions for the reaction 
Al" (p, a) Mg” leaving the residual nucleus in 
the ground and first excited states at the 
energies of incident protons of 6.1MeV, 6.5 
MeV, 7.0 MeV and 7.4 MeV are shown in Figs. 


(p, a) Reaction on F 9, Al?? and P31 
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Fig. 5. Angular distributions of the alpha-particles 
from the reaction Al?7(p, a)Mg*4 leaving Mg?4 
in the ground state. 


5 and 6. The error bars indicate only 
uncertainties due to the counting statistics, 
because other sources of error are negligible 
in comparison with those. The errors in the 
absolute values of differential cross sections 
were mainly due to uncertainty of beam in- 
tegration, and were about 10%. 

The shape of the angular distribution varies 
with the energy of incident protons. The 
angular dependence of the differential cross 
sections is weaker than that of the reaction 
Et? Gs, a) O%8, 

Figs. 7 and 8 show the angular distributions 
of the alpha-particles from the reaction P*! (p, 
a) Si#* leaving the residual nucleus in the ground 
and first excited states at the energies of 
incident protons of 6.1 MeV, 6.5 MeV, 7.0 MeV 
and 7.4MeV. The error bars indicate only 
uncertainties due to the counting statistics for 
the same reason as in the preceding cases. 
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Fig. 6. Angular distributions of the alpha-particles 
from the reaction Al??(p, a)Mg?4 leaving Mg?4 
in the first excited state. 


If the formation of compound nucleus is 
assumed, the yield of alpha-particles should 
be more restrained than that of protons. The 
integrated cross sections for these reactions 
leaving the residual nuclei in the individual 
states are comparable with or larger than 
those for the inelastic scattering of protons 
from the same elements and in the same 
energy region!”, and they are larger than those 
expected from the assumption of the forma- 
tion of compound nucleus. It appears to be 
difficult to interpret the experimental results 
of these reactions on the basis of a compound 
nucleus model, though the process of the 
formation of compound nucleus may not be 
neglected. 

The errors in the absolute values of differential 
cross sections were estimated to be within 
30%; the main source of errors was uncertainty 
in the thickness of the target. The angular 
distributions depend on the energy of incident 
protons, and as well as for the reaction Al?’ 
(p, «)Mg*, they have larger isotropic com- 


Sukeaki YAMASHITA 


(Vol. 16, 


(645) : 
P3!(5,a) Si#&gnd 


Ep = 7.4MeV 


nw 
on 


(™b/ sterad) 


OX 
(e) 


section 


© 
a 


cross 


2D 


Differential 


5:0 


25 


120 150 


60 90 
@cm (deg) 

Fig. 7. Angular distributions of the alpha-particles ||) 
from the reaction P3!(p, a)Si® leaving Si?’ in 
the ground state. 


ponents than those for F!°(p, a)O*. 

The integrated cross sections of the reac- 
tions obtained at each energy of inciden 
protons are shown in Fig. 9. The cross sec+ 
tions for the reactions F'*(p, a) O'*, Al?’ (p, 
a) Mg** and P*!(p, a) Si?® leaving the residuaif, 
nuclei in the ground states are in the ranged 
between 10 and 30mb, while those leavingt 
Mg” and Si?* in the first excited states at 1.37), 
MeV and 1.78 MeV, respectively, are in they 
range between 60 and 90mb. The integratedp 
cross section for each element fluctuates: 
somewhat according to the change in the 
energy of incident protons, but no sharp 
resonance appears in this energy region. 

If a direct process is postulated for theseq? 
reactions, the interaction should take place at) 
the nuclear surface, because of the short mean, 
free path of the alpha-particles in nuclei tha 
is known from the experiments on the scatter} 
ing of alpha-particles'®. One of the simplest 
direct interaction models for these reactions! 
is that in which the loosely bound triton i , 
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Fig. 8. Angular distributions of the!alpha-particles 
from the reaction P#!(p, a) Si?8 leaving”Si28 in the 
first excited state. 
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the target nucleus is picked up by the incident 
proton at the surface of nucleus. The theore- 
tical angular distribution is represented ap- 
proximately by a square of spherical Bessel 
function {7:(QRo)}* which is familiar in the (d, 
Pp) reactions’, though in such an expression 
the larger value of the interaction radius Ro 
must be used than in the expression obtained 
by Butler?”. However, the angular distribu- 
tions obtained here are quite different from 
that predicted by the theory of pick-up process, 
especially because of the energy dependence 
and the backward peak in the reaction F!°(p, 
a) O18. 

In this type of direct interaction, it is neces- 
sary that a triton which consists of one proton 
and two neutrons outside the core of the target 
nucleus is captured by the incident proton and 
transfers the momentum to the core. The 
energy relations to separate a triton from the 
target nucleus and to form an alpha-particle 
with a triton and a proton are as follows: 


FY =O'-+?—11:693' Mev, 
Al?’=Mg**+-¢—18.219 MeV, 
Pete Sit 1789 Mev ; 

p+t=a+19.811 MeV. 


On the other hand, the experiments on the 
(p, a) reactions at energies higher than 45 
MeV® suggested that there exist alpha-clusters 
at the surface of nucleus, and also the alpha- 
particle model succeeded in interpreting the 
nuclear levels in some light nuclei*”. It seems 


(1) 


‘probable that the heavy particle stripping and 


knock-out process, the so-called exchange 
process, may take part in these reactions. An 
alpha-particle outside the core of target nucleus 
is separated from the core as a result of the 
interaction between the incident proton and 
the alpha-particle or between the incident 
proton and the core, and then the proton is 
captured by the core. If the two steps are 
considered separately, the energy relations are 
as follows : 


FY—N%+a—3.993 MeV, 
N4+p=O0'+12.112 MeV ; 
Al??=Na®#*+a—10.093 MeV, 
Na?*+)=Mg*+ 11.687 MeV ; 
P?!= Al??4+ a—9.688 MeV, 
Al??+ p=Si?®+11.588 MeV. 


G2) 


If the energy relations (1) and (2) are taken 
into account, the exchange process is more 
preferable than the pick-up process, because 
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the latter requires larger momentum transfer 
than the former. According to the exchange 
process, it may be interpreted that the angular 
distributions for the reaction F!°(p, a) O** all 
have the backward peak. The Coulomb effect 
and the distortion of plane wave may be 
significant in this energy region, and owing 
to the smaller Q-value of the reactions the 
angular distributions for the reactions Al’’(p, 
a) Mg** and P?!(p, a) Si?® do not show so sharp 
pattern as in the reaction F'°(p, a) O'. 

The dependence of the angular distributions 
on the energy of incident protons cannot be 
interpreted with a simple direct process. 
Fischer et al.” and Ogata et al.®) concluded 
that the variation of the total cross sections 
and of the shape of angular distributions in 
the reaction Al??(p, a)Mg*4 at the energies 
of incident protons of around 10 MeV might 
be due to (a) a failure of the statistical (or 
continuum) assumption for the compound 
nucleus, or to (6) the interference between 
various direct interaction processes or between 
direct interaction and compound nucleus pro- 
cess, or to (c) both the interferences. The 
variation of the shape of angular distributions 
with the energy of incident particles for the 
reactions B!!(d, m)C!, C13 (He’, a) C2 and Be® 
(d, n)B” at rather low energies from 2 to 4 
MeV was interpreted as a result of the direct 
interaction involving the heavy particle stripp- 
ing”, 

The yields of alpha-particle from the reac- 
tions Al?*(p, a) Mg’ and P*!(p, a) Si?* leaving 
the residual nuclei in the first excited states 
are several times as large as that leaving in 
the ground states. The same fact was found 


in the reaction Al’?(p, a)Mg** at higher 
energies of the incident protons®. It suggests 
that the overlapping integral, which is a 


measure of the magnitude of cross sections 
for the direct interaction, for the reactions 
leaving the residual nuclei in the first 
excited states is larger than that for the 
reactions leaving the residual nuclei in 
the ground states, because of the deforma- 
tion of the target nuclei Al?’ and P*®! and of 
the same 2+ rotational first excited state of 
both the residual nuclei Mg’ and Si?® which 
results from the deformation of the residual 
nuclei. 

The difference between the aspects of the 
angular distributions for the reaction F}°(p, 


Sukeaki YAMASHITA 


a)O'* and the reactions Al*?(p, a)Mg* and’ 
P*!(p, a)Si?® may be related to the difference-} 
in the Q-values of the reactions. If the energy [ 
balances (2) is taken into accout, it appears-P 
that the exchange direct process may take-} 
place more easily in the reaction F19(p, a)O'} 
than in the reactions Al27(p, a)O'* and P*'(p, 
a) Si®, and that the time of interaction is fi 
shorter for the former than for the latters ini 
the stage of compound system defined by} 
Weisskopf”?. It may be considered that the»), 
alpha-clusters exist at the surface in this time: 
before the formation of compound nucleus on} 
account of the large binding energy of alpha-- 
particles, if the exchange direct process is} 
dominant in these reactions. 
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Gamma rays from #!P bombarded by protons of up to 5.7 MeV _ energy 
were analysed by scintillation spectrometers. Most of the observed gamma 
rays were attributed to the transitions from the excited states of *P 
produced by the inelastic scattering of protons. Gamma ray transition 
branching ratios from several excited states were determined. The 
results are in general agreement with the results obtained from the experi- 
ments on %°Si(p, 7)3!P reaction, but there are some differences between 
them which are discussed in detail. In particular, it was noted that the 
gamma ray of 1.65 MeV energy resulting from the transition from the 
excited state at 4.784 MeV to 3.133 MeV state is emitted in considerable 
intensity at the proton bombarding energy of 5.7 MeV. It was suggested 
that this selective excitation might be the result of the collective nature 
for the 4.784MeV excited level. Excitation curve for the gamma ray 
intensity gave the compound levels of 825 at 13.61, 13.97 and 14.27 MeV. 


§1. Introduction Paris up to 5.012 MeV and by Van Patter et 
The precise energies of the levels in “P  al.?) up to 3.293 MeV. 

have been studied by the magnetic analysis A detailed study of the levels of **P and 

of protons scattered from *P by Endt and their mode of decay has been carried out by 
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Broude et al.’) by the analysis of gamma rays 
from *Si(p, 7)*P reaction at several re- 
sonances. They could determine the spins 
and parities of the levels up to the sixth level 
(at 4.188 MeV) except for the fifth level and 
compared the results with the predictions of 
Nilsson model.) By taking an oblate distor- 
tion to agree with the experimental value of 
the magnetic moment, it was possible to obtain 
excellent agreements in energies, spins and 
parities for those levels. 

Hoogenboom’) also studied the gamma rays 
from *!P formed in the reaction *°Si(f, 7)*'P. 
He assigned the spins and parities to nine 
excited states below 5.01MeV. His results 
are in general agreement with that of Broude 
et al. except for some differences in assigning 
spins to three levels (third, fourth and seventh 
states). 

Litherland et al.© studied the second excited 
state at 2.232 MeV by means of the capture 
gamma rays from the 1.70 MeV resonance in 
the reaction *°Si(p, 7)#4P. They assigned (5/2 
+) to this state in agreement with the assign- 
ment by Broude et al. and also by Hoogenboom. 
They noticed that the cascade gamma rays 
from the 2.23 MeV state to the first excited 
state at 1.27 MeV (3/2+) were less than 3% 
of the transitions to the ground state. This 
situation is quite similar to the case of *°Si? 
and they suggested that collective model could 
be applied for both those nuclei. In view of 
the considerable success for applying Nilsson 
model to A=25 and 29 nuclei, it seems interest- 
ing to look for evidence of collective motion 
in other nuclei in this region. 

To obtain further informations on the mode 
of decay from the various excited levels of 
51P, we have studied the gamma rays in the 
reaction *P(p, p’ 7) using protons up to 5.7 
MeV. The study of gamma rays following 
inelastic scattering of protons is especially 
suitable for the study of relatively low lying 
levels. The intensities of high energy gamma 
rays from highly excited states formed in 
capture reactions are low in this case and 
the spectrum is not complicated as in capture 
reactions. We did not suffer from the (p, 7) 
reaction as the Q value for ™P(p, 7)3!S is 
—5.9MeV. Gamma rays from the excited 
states of *8Si are expected as the Q value for 
31P(p, a)*8Si is 1.911 MeV. We must also con- 
sider the gamma rays from *!P(p, 7)22S reaction 
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but its intensity would be smaller than that 
from the inelastic scattering. 


§2. Experimental arrangements and proce- | 
dures 


Experimental arrangements were the same 
as previously described.*) Proton beam from 
Osaka University. cyclotron was used to 
bombard lead phosphate target evaporated on ||) 
gold backing. 

Gamma rays were detected by Nal(T1) 
scintillation spectrometers. Two crystals, 
both 3 in. in diameter and length, optically 
coupled to 6364 photomultipliers, were used 
as single crystal spectrometers. They were | 
also used as a coincidence spectrometer for 
the analysis of cascade gamma rays. Accurate 
values of the energies of the gamma rays 
were determined by a three crystal scintillation 
pair spectrometer. In this case, the size of 
the center crystal was 15.in. in diameter | 
and 4 in. long. Two 3 in. crystals mentioned 
above were used as side crystals and gamma 
rays were collimated by a lead collimater 
with a hole 1 in. in diameter in front of the 
center crystal. For the single crystal spectro- 
meter, no collimation was used for gamma 
rays. The crystals were surrounded by three 
inches of lead to reduce the background. 

The output pulses from the spectrometers 
were analysed by the use of a 20 channel 
pulse height analyser and a 30 channel pulse 
height analyser. 


§ 3. 
Excitation Function: 

Fig. 1 shows the excitation curve for the 
1.265 MeV radiation from the reaction *#P(p, || 
b’ 7)*P, corresponding to the deexcitation of ||) 
the first excited state in *4P, as a function of 
the proton bombarding energy. 

Resonance peaks were observed at proton 
energies of 4.90, 5.28 and 5.58 MeV which | 
correspond to the excited levels of *S at || 
13.61, 13.97 and 14.27 MeV. 

Compound excited levels of *8S were studied 
by *P(p, 7)*®S reaction up to proton energy 
of 2MeV®, and by *P(p, a)**Si reaction up | 
to proton energy of 3 MeV. 

Van Patter et al.'!) made a survey for the | 
excitation function of #*P(p, p’) reaction over |) 
a region of 4.53 to 4.71 MeV and found several 
resonances. Gemmell et al.!”) observed high | 
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'P(p, pry ) 


Excitation Curve 


E, = 1.27 MeV 


45 50 55 MeV 
Ep 
Fig. 1. Excitation curve for the 1.265 MeV gamma 
ray in the reaction #!P(p, p’7). 
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Fig. 2. Single crystal spectrum for gamma rays 
produced by 5.7 MeV protons on lead phosphate 
target. 


energy gamma rays produced in the reaction 
41P(p, 7)82S by the use of 5 to 7.7 MeV protons. 
They observed pronounced resonances at 6.65, 
7.15 and 7.50MeV and a small peak at 5.6 
MeV. Resonance peak at 5.6 MeV agrees with 
our results. 

Gamma Ray Spectra: 

Fig. 2 is the single crystal spectrum ob- 
served at right angles to the proton beam 
using 3 in. dia. and 3 in. length Nal crystal. 
As is evident from Fig. 2, the most intense 
gamma rays are 1.265 and 2.232 MeV gamma 
rays from the first and the second excited 
states of *tP to the ground state. In addition 
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to these, double peaks between them and 
higher energy gamma rays of 3.1, 3.4 and 
4.4 MeV were observed. 

To resolve the double peaks at around 1.7 
MeV, it is necessary to know the pulse height 
distribution for monochromatic gamma ray. 

For this purpose, the pulse height distribution 
for 2.76MeV gamme ray from *Na_ was 
measured under the same geometrical condi- 
tions. In this way, the contribution at lower 
energy region in the pulse height distribution 
of the 2.232 MeV gamma ray was estimated 
and subtracted. It was found that the double 
peaks were formed by two gamma rays 1.65 
and 1.78 MeV in energy. 

Of these two, 1.78 MeV gamma ray is inter- 
preted as the deexcitation gamma ray from 
the first excited state of *8Si formed in the 
reaction “Pay a)24Si: 

To investigate further, the three crystal 
scintillation pair spectrometer was used and 
the results are shown in Fig. 3. As is shown 
in Fig. 3, 1.65, 1.78 and 1.96 MeV gamma rays 
were found between two gamma rays of 1.27 
and 2.28 MeV. From the reaction *!P(p, a)28Si, 
gamma rays of 2.84 and 3.20 MeV may also 
be expected which correspond to the de- 
excitation from the second 4.62 MeV (4+) and 
the third 4.98 MeV (0+) excited states to the 
first excited state of 7°Si.19 The 2.9 and 3.1 
MeV gamma rays found in Fig. 3 may, in 
part, be interpreted in this way. Kern and 
Cockran®’ observed several gamma rays of 
energy between 2.25 and 10MeV from the 
reaction *!P(p, 7)8S using protons of 0.4~2.0 
MeV. They found 3.8MeV gamma ray in 
considerable intensity in this reaction. This 
gamma ray corresponds to 3.9MeV gamma 
ray found in Fig. 3. As to the origin of this 
gamma ray, they suggested this to be due 
to the transition from the second excited 
state at 3.78 MeV to the ground state of 22S. 
But from the analysis of gamma rays produced 
in the reaction ?°S(p, p’ 7)?2S,1 it was confirmed 
that the second state decays via the first state 
at 2.24 MeV. By the measurement of angular 
correlations of 2.24 and 1.56MeV cascade 
gamma rays, the second excited state of °S 
was assigned 0+. Therefore the 3.8 (or 3.9) 
MeV gamma ray must be interpreted as due 
to the transition between higher excited states 
Ort BAS), 

To investigate the origins of gamma rays, 


X16 
150 


50 


10 20 
Eigen. 


phate target. 


P+p 
Ep=5.7 Mev 


Gate 
13+ 141 Mev 


te) 5 10 Noite 15 


Fig. 4, Coincident spectrum for [the gate pulse 
height 1.13-1.41 MeV. 


gamma-gamma coincidence experiments were 
performed. Two scintillation spectrometers, 
each 3 in. dia. and length, were placed at 90° 
to the beam on each side of the target. The 
pulse height spectrum of one crystal gated 
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Three crystal pair spectrum for gamma rays produced by 5.7 MeV protons on lead phos- 
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Fig. 5. Coincident spectrum for the gate pulse 


height 2.16-2.42 MeV. 


by a definite value of pulse height on the 
other crystal was displayed on the 30 channel 
pulse height analyser. In this case we must 
take care for the fact that the peaks due to 
gamma rays in cascade with gamma rays 
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Degree of 


Gamma-ray Origin of 
a rigin of the Shown in 
(MeV) gamma-ray Fig. certainty 
MeV Mev . . 
0.90 | 3.133>2.232 (8!P) a, @ 7 a 
0.97 | 2.232->1.265 (7 ) 4 a 
ee 1.265>gnd (7,7) Os, By. Gh By 1S a 
1.65. 4.784->3.133 (7 ) Th. Bi, ON IN. G7 a 
1.78 1.78 >gnd_ (28Si) 2, 3 a 
1.86 3.133-1.265 (31P) | é b 
1.96 4.188->2.232 (7) 3 a 
2.15 3.414>1.265 (7 ) | 4 a 
2.23 2.232->gnd (1) ors, 7 a 
2.9 4,188 1.265 ( 7 ) 3 b 
(or 4.62 1.78 (28Si)) 
Sal 3.133>gnd_ (3!P) oy a 
(or 4.98 1.78 (28Si)) 

3.4 3.414>gnd_ (31P) Ds a 
3.9 = (82S) 3 a 
4.4 4.430>gnd_ (21P) Ons a 


P+p Ep=5.7MeV 
| Gate > 2.6 MeV 


ae sia 


Ep= 4.8 MeV 


10 Volts 

Fig. 6. Variation with bombarding energy of the 
coincident spectrum for the gate pulse higher 
than 2.6 MeV. 


higher in energy than the gamma rays, for 
which the gate pulse height was settled, 
always appear, as the pulse height in a single 
crystal always extends to lower energy side 
from its full energy peak. For instance, Fig. 
4 is the pulse height spectrum for the gate 
between 1.13 and 1.41 MeV. It is seen that 


Pt+P Epe5.7 Mev 
Gate 
1.57» 1.70 Mev 


1.68 
| (1.86) 


Fig. 7. Coincident spectrum for the gate pulse 
height 1.57-1.70 MeV. 


besides the gamma rays in cascade with 1.265 
MeV gamma ray from the first excited state 
of *P, 0.97, 1.65 and 2.1 (2.03 and 2.15) MeV, 
1.27MeV gamma ray itself appears as the 
gate is open by the pulses due to gamma rays 
higher than 1.13 MeV. 

From the analysis of the data shown in 
Figs. 2-7, the observed gamma rays were 
classified as tabulated in Table I. The decay 
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scheme from the excited states of *!P is shown 
in Fig. 8. Our results are in general agree- 
ment with that of Broude et al.?) We have, 
however, obtained some different results which 
will be mentioned in the following. 


Jn gt 
\ 
(5 3+) 
(3) 
$+ (3) 
eee 
5 
oa 
$+ 43+) 
5 5 
ot ot 
3+ 34+ 
| I 
ot ot 
Broude Hoogenboom 


Fig. 8. Gamma decay scheme of levels in 31P. 


Decay from the 2.232 MeV State: 

Broude et al. observed only the ground 
state transition from the 2.232 MeV state and 
estimated the cascade gamma ray to the first 
state to be less than 5% of the transition to 
the ground state. Litherland et al.*) estimated 
it'to be less than 3%. We have observed 0.97 
MeV gamma ray from the 2.232 MeV state to 
the first excited state at 1.265 Mev in coinci- 
dence with 1.265 MeV gamma ray as is shown 
in Fig. 4. Its intensity is estimated to be 6% 
of the ground state transition. 

Decay from the 3.133 MeV State: 

Broude et al. observed only the ground state 
transition from the third excited state at 
3.133 MeV. They estimated the intensities of 
the transitions to the first or second excited 
states to be less than 5% of the transition to 
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the ground state. 

Our results are different from the above. 
As is evident from Fig. 5 and Fig. 7, we have 
observed 0.90MeV gamma ray due to the 
transition to the second state. In Fig. 7, there 
is some indication of the presence of 1.86 MeV 
gamma ray due to the transition to the first 
state. . 

Intensity ratio of those gamma rays is about 
8:1:1 for 0.90 : 1.86 : 3.13 MeV gamma ray. 

This result indicates that the 3.133 MeV 
state decays for the most part via the second 
excited state and is consistent with the inter- 
pretation of the 1.65 MeV gamma ray which 
is discussed later. The presence of the 1.65 
MeV gamma ray in considerable intensity, 
which results from the transition between 
4.784 and 3.133 MeV state, leads to the con- 
clusion that the intensity of the 3.133 MeV 
gamma rays should also be large if the 
3.133 MeV state decays entirely by the direct 
transition to the ground state. The intensity 
of the 3.133 MeV gamma ray is, however, 
only about 7% of that of the 1.65 MeV gamma 
ray. 

Decay from the 3.293 MeV State: 

Broude et al. observed the gamma rays 
from the decay of the 3.293MeV state and 
the branching ratio obtained was as follows: 
Hoogenboom’s result is that the branching 
ratio for the first state at 1.265 MeV state is 
larger than 85%. 

In our experiment, the peaks corresponding 
to the gamma rays shown in Table II do not 
appear as isolated peaks in Figs. 3, 4 and 5. 
Therefore no definite conclusions were ob- 
tained on the decay of the 3.293 MeV state. 
Decay of the 3.414 MeV State: 


Table II 


Gamma ray Decay mode | Branching 
energy (MeV) MeV state MeV state | ratio 


3.29 


3.298. .>.0 bal 
2.03 3.293 + 1.265 | 45 
3.293 > 2.232 | 45 


1.06 


For the decay of the 3.414 MeV state, our 
results are consistent with that of Broude et 
al. and that of Hoogenboom as shown in 
Table III. 

Decay from the 4.188 MeV State: 

Broude et al. concluded that the 4.188 MeV 

state decays via the second excited state 
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Table III 
Gamma ray Decay mode | Branching ratio 
energy (MeV) MeV state MeV state | Broude | Hoogenboom Present 
; etmalls | experiment 
3.14 3.414 > 0 | 15 | sient berlpgei Nie Ia 
Ze 3.414 > 1.265 85 | 90 


>70 


(gamma ray energy of 1.96 MeV) and also via 
the first excited state (gamma ray energy of 
Z2.92MeV). They estimated the branching 
ratio to be 35: 65 for 1.96 : 2.92 MeV gamma 
rays. 

Hoogenboom’s estimation is 40:60 for the 
same gamma rays. As is evident in Fig. 3, 
the intensity of the 1.96 MeV gamma ray is 
stronger than that of the 2.92 MeV gamma 
ray. And we estimate this ratio as 80: 20, 
contrary to the above authors. 

The Origin of the 1.65 MeV Gamma Ray: 

Gamma ray of 1.65 MeV energy was found 
in Figs. 3-7 in sufficient intensity. It can not 
be attributed to the deexcitation of relatively 
low excited states *!P or to any other reactions 
other than inelastic scattering of protons on 
31P. To test whether it comes from some 
impurities in phosphorous, we have bombarded 
pure P.O; target but obtained the same results. 

As is clear from the coincident spectrum 
shown in Figs. 4,5 and 6, this gamma ray is 
emitted by the transition from highly excited 
states to the excited levels lying between 
3.133 and 3.505 MeV. 

Precise energy measurement by the three 
crystal pair spectrometer gave the value 1.65 
MeV, which leads to the conclusion that this 
gamma ray is emitted by the transition be- 
tween the levels of 4.784 and 3.133 MeV. Fig. 
7 shows the coincident spectrum when the 
gate was 1.65 MeV and is consistent with this 
interpretation. 

As the 1.65MeV gamma ray is emitted 
when “P is excited to the highly situated 
level at 4.784 MeV, its intensity would decrease 
rapidly when the incident proton energy is 
degraded by a small amount from its initial 
value of 5.7MeV. To test this point, coinci- 
dent spectrums were measured at 5.5 and 4.8 
MeV bombarding energy and the results are 
shown in Fig. 6. As shown in Fig. 6, the 
intensity of the 1.65 MeV gamma ray decreases 
considerably at 5.5 MeV and disappears com- 
pletely at 4.8MeV. It seems very interesting 


that the excited level of #!P at 4.784MeV is; 
excited strongly by protons of 5.7 MeV, which. 
is only about 1 MeV higher than the excitation 
energy, and then decays selectively to 3.133: 
MeV level. 

Interpretation by the Collective Model: 

The above mentioned cascade gamma ray~ 
of 1.65 MeV energy might be interpreted by 
assuming that the 4.784 MeV level belongs to» 
the same collective family with the ground 
state and the 3.133 MeV level. By considering- 
the magnitude of the magnetic moment, ft: 
value in the positron decay of #S into ™P, 
and other properties of #!P, Broude et al.® 
concluded that *!P is an oblate shaped nucleus: 
with distortion parameter 7=—3. They cal- 
culated the excited levels of #P taking into» 
account the Kerman coupling and classified 
the excited levels as follows. 

The ground level (1/2+), 2.232 MeV level! 
(5/24+-) and 3.133 MeV level (3/2+) form a 
K=1/2+ rotational band (labelled 9 in Nilsson’s 
paper), while the 1.26 MeV (3/2+) and 3.293: 
MeV (5/2+) levels form another rotational 
band with K=3/2+ (labelled 8 in Nilsson’s: 
paper). The 3.414 MeV and 3.505 MeV (3/2+) 
levels were classified as the members of K= 
1/2+ (labelled 11) rotational band. 

In this way, they suggested the spin and! 
parity of the 3.414 MeV level as 1/2+, which, 
was not determined by their experiment. 

Moreover, they suggested a 7/2+ level at 
about 4.7 MeV which belongs to the No. 11. 
rotational band. 

According to their calculations, any other- 
excited levels belonging to No’s. 8, 9 and 11. 
rotational bands lie above 8 MeV. 

If we assume that the 4.784 MeV level is just 
the one predicted by Broude etal. at about 4.7 
MeV, we may say that among many excited 
levels above 4.188 MeV, only the 4.78 MeV 
level is collectively excited in sufficient inten- 
sity,whereas the other levels are relatively 
difficult to be excited as they are supposed to 
be due to two particle excitation or core: 
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excitation. 

Endt and Paris"): 5) measured the intensities 
of the scattered protons at 50°, 90° and 130° 
at the proton bombarding energy of 7.04 MeV. 
‘Their result shows that there are no remark- 
able differences between the intensities of the 
scattered protons from the 4.784 MeV level 
and the other neighbouring levels. Though 
the integrated cross sections for each levels 
are not obtained in their experiment, it may 
be that no selective excitation occurs at the 
proton energy of 7.04MeV. This is not con- 
tradictory with the above discussions as the 
protons of enough high energy may excite 
the levels due to two particle excitation or 
«core excitation as well as the collective levels. 

Though the selective excitation can be 
understood by the presence of the collective 
level at this energy, the selective transition 
to the 3.133 MeV level seems difficult to be 
-explained by the classification proposed by 
Broude et al.. 

As the 4.784 MeV level is assumed to be a 
member of the K=1/2+[200] band (No. 11) 
and the 3.133MeV level a member of the 
K=1/2+[211] band (No. 9), the selective transi- 
tion between the 4.784 and 3.133 MeV levels 
-does not result from the selection rules in 
terms of the asymptotic quantum numbers. 

We must, however, consider the discrepan- 
-cles between the spins and parities assigned 
by Broude et al.*) and by Hoogenboom’, the 
discrepancies between the values of the branch- 
ing ratios assigned to the several excited states 
of *!P by the above authors and by us, before 
going into detailed discussions. 

Those problems should be clarified by further 
-studies. 
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Several new activities in the rare earth region were identified and also 
the decay characteristics of some previously reported activities in this 


region were studied more in detail. 


They were produced by the (7, p) 


reactions and measurement was made with the aid of the scintillation 


spectrometers. 
Results were as follows: 
nucleides half-lives 
Euts9 19.0+1.0 min 
Tm!173 Woe 0a 0 
Tm1%5 20 min 
Lul’s SOI Semin 
Lul7sm 16 min 
Luis 7.5+0.5h 


Analyses were made with the aid of 


$1. Introduction 

The successful performance of the internal 
bombarding system” of the Tohoku University 
betatron made many new investigations on 
previously unknown activities possible”. Such 
possibilities of studying ‘‘holes’”’ in the 
nuclear chart lie scattered over all mass range 
and it has been proved that the photo-reac- 
tion is sometimes the best way to produce 
neutron excess odd-Z odd-A isotopes. 

In the rare earth region, there are high 
density of these ‘‘ holes’’ in the nuclear chart, 
and even in the case where the assignment 
of the activity has been already done, their 
characteristics are often very poorly known. 

This article describes the results of our 
investigation on these unknown or poorly 
known activities in the rare earth region. 
We could obtain many new data from the 
bombardments of Gd, Yband Hf. Irradiation 
.of dysprosium was badly disturbed by its high 
-slow-neutron produced activity. For Nd, Sm 
and Er the data obtained were not quite good 
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beta rays gamma rays 

2.2 +0.1 MeV (45, 170 keV) 

0.90 40.05 MeV 400, 470 keV 

2.0 MeV 510 keV 

2.25+0.05 MeV none 

1.50+0.05 MeV Gi); SO, Ailey 

325, 425 keV 

1.35+0.05 MeV 90, 215 keV 


the unified model. 


enough to analyse. 

Since most of the activities we encountered 
were of short lives, and since the chemical 
separation of rare earth elements were gener- 
ally difficult we did not try to perform chemical 
separation. Neverthless, thanks to the in- 
ternal bombardment which made it possible 
to produce enough activity of perform scintilla- 
tion spectroscopical analysis on samples of 
approximately 100mg, we could analyse the 
radiation characteristics of the produced 
nucleides fairly well. 

The results were analysed in the light of 
the unified model®) ”. All the decay parameters 
were consistently explained by this model 
reflecting that the nucleides studied are right 
in the region where the deformation is stably 
developed. In Sec. 3, such analyses were made 
without complete experimental information. 

For some assignments it was quite helpful 
that we could compare the present results 
with those of another series of investigation, 
which consist of the studies of activities pro- 
duced by the fast neutron bombardment of 
rare earth elements. These latter results are 
described in the separate article’. 


§2. Experimental Procedure 
In the present work, activities were produced 
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from the samples of the pure oxide powder 
(99.9%) of about 100mg with the internal 
target system of a betatron. Since the ac- 
tivites in question are to be produced by the 
(7, p) reactions, the betatron was operated at 
the maximum energy of 25MeV. The yield 
of the (7, ”) products, however, ‘still remains 
about a thousand times larger than that of 
the (7, ~) products. In some case, measure- 
ments were seriously disturbed by the presence 
of such strong (7, ”) product activities. Ir- 
radiations were carried out for a proper time 
length of the order of an expected half-life 
of the activity in question ranging from a 
fraction of minutes to several hours, case by 
case. Although no specific chemical separa- 
tion was made in most of the cases, simple 
chemical treatments were performed  oc- 
casionally after the irradiations in order to 
remove the disturbing activities such as O' 
or Cl**, which was produced from the chlorine 
impurities in some samples. 

Half-life measurements were made with a 
single channel beta ray analyser or an end- 
window G-M counter, and from the changes 
of the beta and gamma ray spectra with time 
recorded by a multichannel spectrometer. 

The beta rays from activities were detected 
with a plastic scintillator of 2.5 cm in thickness 
and 5.lcm in diameter, or an anthracene 
crystal of 0.6cm in thickness and 2.0cm in 
diameter. The scintillator was covered with 
a 2 mg/cm? aluminum foil and optically coupled 
to a DuMont type 6292 photomultiplier. Each 
spectrum was displayed on a conventional 100 
channel analyser of the time conversion type. 
The spectrometer was calibrated with the 
several well known end-points of the beta rays 
from Au, P22, In'!4 and Pa®*4. The 624-keV 
internal conversion line of Cs'*?7 was also used 
in some cases to check the linearity of the 
lower energy side and the resolution of the 
spectrometer. The resolution of the spectro- 
meter with an anthracene crystal as a detector 
was about 15 percent for the line. In the case 
of a plastic scintillator, the resolution was 
found to be somewhat worse. The Kurie plot 
analyses of the spectra were performed with 
the references of the analyses for well known 
spectra. Fig. 1 shows the typical result of 
the Kurie plot of In'* beta ray obtained with 
the spectrometer employing the plastic scintil- 
lator as a detector. The standard energy 
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1.98 MeV 


2.0 
ENERGY(MeV) 


Fig 1. Kurie plot of the beta ray spectrum of 
In114, obtained with a plastic scintillation spectro- 
meter. 
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Fig. 2. Typical calibration curve for the beta ray 
scintillation spectrometer. 


calibration curve obtained with the spectro- 
meter is shown in Fig. 2. Since the bombarded 
samples used here were of the oxide powder, 


bound to have some ambiguities of order of 
50 keV because of the self-absorption of the 
sources. 


Measurements of gamma ray spectrum were | 


carried out with a 100 channel Nal(TI) scintilla- 
tion spectrometer. 


DuMont type 6292 phototube. 


The Nal(Tl) scintillator | 
used was 3.8cm in thickness and 3.8cm in | 
diameter and was optically connected to a | 
Several well | 
known peaks of the gamma rays from In‘!4, | 
Hg??, Au!®® and Na?? were used for the calibra- | 


1) 


the measured values of the end-points were _ 


! 
| 
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tion of the spectrometer. Photopeak efficien- 
cies of the spectrometer at various energies 
were checked by the coincidence method using 
the sources of Se, In'* and Na”. Counting 
efficiencies of the beta and gamma rays were 
interchecked with the source of Au’ in the 
standard counting geometry used. Analyses 
of the gamma ray spectra were performed 
by using, as a guide, the spectral shape obtained 
in the same geometry from the standard 
sources mentioned above. 


$3. Results and Discussions 
(1) Eul5? 

There has been no detailed investigation 
about the nucleide Eu'*® since Butement first 
gave its half-life as about 20min in 1951°. 
We tried to confirm this assignment and also 
. studied its decay characteristics. Since the 
maximum beta decay energy of Eu'® was 
expected to be about 2.4 MeV from the beta 
decay energy systematics, a measurement with 
a G-M counter was performed, using a 0.5 mm 
aluminum absorber in order to cut off the 
disturbing lower energy beta rays. Fig. 3 


COUNTING RATE 


Tiz= 18h 
Gd'*? Ey?” 


Ro 30 


60 90 
MINUTES 
Fig. 3. Decay curve of the beta rays from the 

irradiated gadolynium sample measured with a 
G-M counter. A 0.5-mm aluminum absorber was 
used between the source and the counter in order 

to cut off lower energy beta rays. 
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shows typical decay curve thus obtained. After 
a long time measurement, a long component 
activity observed in the decay curve shown 
in Fig. 3 was proved to be due to the 18-h 
activity from Gd'*® and the 15.4-h activity from 
Eu’, Subtracting these long components, we 
observed an activity of about 19min. A 
similar result was obtained from the measure- 
ments with a beta ray spectrometer. The 
value of half-life obtained above was in good 
agreement with the value previously reported 
by Butement. 

The beta ray spectrum was measured with 
an anthracene crystal. In order to get rid of 
disturbing positrons from O", the spectrum of 
Eu’? was taken at about 20 minutes after the 
termination of the bombardment. Fig. 4 shows 
the result of the Kurie plot for the beta ray 
spectrum thus obtained. The end-point of 
Eu!®? was determined to be 2.2 MeV. 


2,0 


1.0 


2:0 
ENERGY (MeV) 


Fig. 4. Kurie plot of the beta ray spectrum of 
Eu15? taken with an anthracene crystal. 


From the results of gamma ray measure- 
ments, no intense gamma ray was observed 
at an energy region higher than ~200keV. 
Small fractions of peaks at 45 keV and 170 keV 
showed a decay of approximately 20 min half- 
life. Consequently, most of the beta rays are 
considered to feed the ground state or its vicinity. 
The value of end-point obtained above, there- 
fore, seems to correspond the full decay energy. 
This confirms the assignment of this 20-min 
activity to Eu'*®. The experimental log ft 
value of this beta transition is then calculated 
to be approximately 6.2. 

The ground state of Eu'®*® may probably be 
the 5/2+[413] state in analogy with the ground 
states of several known Eu isotopes, or may 
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be the 3/2+[411] orbital which appears as a 
low-lying excited state in Eu'®?. From the 
analysis of the experimental data on the 
decay of Gd'**, Mottelson and Nilsson assign 
either of two orbitals, 3/2—[521] and 5/2+ [642] 
to the ground state of Gd'®® with the exclusion 
of the orbital 5/2—[523]®. The 3/2—[521] 
orbital, however, may be most favourable 
because of the conspicuous weakness of the 
transition to the 7/2+ member of the ground- 
state rotational band in Tb!**. Therefore, 
one may expect the first forbidden and un- 
hindered (abbreviated as lu) transition to this 
state from the 3/2+[411] ground state of Eu, 
but, only a first forbidden and hindered trans- 
jtion may be expected from the 5/2+[642] 
state. Accordingly the observed log ft value 
of about 6.2 seems to favour the assignment 
3/2+[411] as the ground state of Eu'®®. From 
the systematics of rotational bands in this 
region, we can expect the 5/2— rotational 
state of the 3/2—[521] orbit at about 45 keV. 
To this state, a lu beta transition is also 
expected. The weak gamma ray of about 
45keV may be attributed to the MI transi- 
tion following the branching. Referring to 
the intensity ratio of the 45keV gamma 
ray, the experimental log ft value for this 
branching is estimated as ~7.5. This is alsoa 
proper value for a lu transition. 

Observation of a weak gamma ray of about 
170 keV suggests an existence of a weak 
branching which may correspond to the beta 
decay to the orbital 5/2+[642]. The data, 
however, are not enough for giving anything 
conclusive about this state. 


CB) “Aran eeuavel “Area 

As for neutron excess thurium isotopes in- 
formation has been rather meager. Among 
those which may be produced by the (7, p) 
reactions appreciably only Tm!” was known 
to some extent but of Tm!” and Tm!” there 
has been no report. In order to study these 
isotopes we irradiated ytterbium oxide. Un- 
fortunately, the sample we used was found to 
contain small amount of chlorine. We, 
therefore, treated the sample often by hydro- 
chloric acid to remove irradiated chlorine (Cl?) 
after the bombardment when necessary. 

Half-life measurements were done many 
times often ranging until about a week. Fig. 
5 shows the result of one of such measure- 
ments. In this case the measurement was 
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Tz? 2Omin 


——— COUNTING RATE 


60 80 
———~ HOURS 


Fig. 5. Decay curve of the electron radiations 
higher in energy than 0.5 MeV from the irradiated 
ytterbium sample taken with a plastic scintillator. 


80 


440 0.90 + 0.05 
a MeV 
z= 


0.5 1.0 
- ENERGY (MeV) 


Fig. 6. Kurie plot of the beta ray spectrum of 
the 7.2-h component after subtracting the known 
63.6-h components from Tm!7, 


O 1,0 20 
ENERGY (MeV) 
Fig. 7. Kurie plot of the beta ray spectrum of 


the 20-min component after the subtraction of 
the two long life components. 
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performed with a plastic scintillator for beta 
rays higher than 0.5MeV. This bias was 
determined to eliminate the strong activity of 
Yb'9(T12=4.1d, Egmax=0.47 MeV) produced by 
the (7, ”) reaction. The 0.96-MeV beta ray 
of Au'®®(T1/2=2.69d) was occasionally measured 
for checking the performance of the spectro- 
meter. After subtracting the 63.6-h activity due 
to Tm! we identified two components with 
half-lives of 7.2 hours and 20-minutes. 

Recently the beta rays from Tm!” have 

been measured by Orth and Dropesky with a 
solenoidal beta ray spectrometer”. The 
“unique’’ first-forbidden transition of 1.83 
MeV and some lower energy branchings of 
about 0.66 MeV are reported. The 63.7-h beta 
rays obtained here have shown the similar 
end-point (about ~2 MeV) and a lower energy 
branching. 
_A beta spectrum obtained at about 5 hours 
after the ending of the bombardment, revealed 
another component of the beta ray after the 
subtractions of the known 63.6-h life com- 
9onents from Tm!”. The results of the Kurie 
Mot analysis for this component is shown in 
fig. 6 and the end-point was determined to 
be 0.90+0.05 MeV. The decay rate of this 
).90-MeV component was found to be about 
jh. The log ft value for this decay is about 
3.2 if this is the main branching. 

The Kurie plot analysis of the short com- 
Jonent beta ray of 20 min was performed after 
he subtraction of the two long life components. 
[he result of the analysis was not so accurate 
vecause of the ambiguities of the subtractions, 
nd is shown in Fig. 7. The end-point of 
his 20-min component was determined to be 
.0MeV. No other strong branching of 20 
nin was observed. Then, the experimental 
og ft value was calculated to be approximetely 
. 

Measurements of the gamma ray spectrum 
vere also carried out for rather a long time 
ind the decays of the outstanding peaks at 
arious energies were followed. Fig. 8 shows 
he typical gamma ray spectra obtained at 
bout three hours (curve (a)) and at about a 
undred hours (curve (b)) after the completion 
f the irradiation. Apparent peaks at different 
nergies of 120keV, 180 keV, 280 keV, 400 keV, 
nd 470keV were found and most of these 
eaks proved to be ascribed to the well known 
ctivities of Yb!7(Tij2=4.1d) and Yb'6(T12 
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Fig. 8. Gamma ray spectra of the irradiated 
ytterbium sample taken (a) at about three hours 
and, (b) at about a hundred hours after the 
termination of the irradiation. 


=32d) from their decay rates. The peak at 
400 keV, however, showed the decay rate of 
about 7 hours in addition to the slow decay 
rate of about 4 days. The peak at 470 keV, 
though the intensity was not so large, seems 
to belong to the 7.2-h activity. 

Fig. 9 shows another gamma ray spectrum 
obtained at about 20 minutes after the termina- 
tion of the bombardment. In comparison with 
the spectra shown in Fig. 8, a new outstand- 
ing peak at 510keV can be seen. The half- 
life of the peak was measured to be 20+1 min. 

The 7.2-h activity is assigned to Tm!** from 
its decay properties and the (7, p) yield ratios 
to such well known activity as Tm!”. The 
results of another series of the experiments 
by fast neutron bombardment of ytterbium 
also suggested this assignment®). The 0.90- 
MeV beta ray is considered to populate some 
excited states of Yb! at about 400 keV because 
of the existences of the 400-keV and the 470- 
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Fig. 9. Gamma ray spectrum of the irradiated 
ytterbium sample obtained at about 20 minutes 
after the ending of the irradiation. 


keV gamma ray. This argument is also con- 
sistent with the maximum available beta decay 
energy of about 1.5 MeV estimated from the 
systematics. Since, the log ft value of the 
0.90-MeV component was calculated to be 
about 6.2, the transition may be classified as lu, 
or as an ah (allowed and hindered) transition 
in terms of the asymptotic quantum number se- 
lection rules. The ground state of Tm!‘” is pro- 
bably 1/2+[411] as for the other Tm isotopes. 
Accordingly, one may expect the 1/2—[521] or 
the 1/2 —[510] orbital possible as the excited state 
of Yb!78(N =103) with the reference to the Nilsson 
diagram. The 1/2—[510] orbital, however, is 
considered to appear as rather highly excited 
particle-state of Yb!7* from the level systematics 
of such nuclei as Yb!"!, Hf!”? and Hf!” in this 
region. On the contrary, the 1/2—[521] orbital 
which is the ground state of Yb!“(N=101) is 
likely to occur at an excitation energy of about 
420 keV. This argument leads to the assign- 
ment that the above expected excited state 
of Yb!” which is populated by the 0.90-MeV 
beta ray should correspond to the intrinsic 
state of the orbital 1/2—[521]. Taking the 
proper value of decoupling parameter (a=1.0) 
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of this orbital in Yb'”, the 3/2— rotationa)j, 
member of the 1/2—[521] is expected to occur}; 
at an excitation energy of about 45 keV higher}: 
than the ground 1/2—[521] state at about 40(() 
keV. The ground state of Yb'” has been wellls 
established to be 5/2—[521]. Furthermore, asg) 
is known from the decay analysis of Lu” 44 _ 
only the 7/2+[633] intrinsic state is expected 

to appear at an excitation of 350 keV between « 
the ground state of the 5/2—[512] orbital and 
the 1/2—[521] intrinsic state, postulated above:)) 


gamma rays of 400 keV and 470 keV may be¢ 
considered to. correspond to the de-excitation ‘ 
gamma rays from these states to the ground 
state of Yb!. The de-excitation gamma ra 
of about 45 keV from the 3/2— rotational state 
to the 1/2—[521] intrinsic state must be obiil 
served according to the above argument, but) 
it could not be found clearly because of the! 
presence of the strong KX-ray background 
from Yb. The beta ray of 0.90MeV from: 
Tm!” is thus consistently interpreted as twa , 
component branchings of a lu transition lead] 
ing to.the 1/2—[521] orbital at about 400 kame 
and to the 3/2— rotational state at about 
450 keV of Yb!”, respectively. The separatio 
of these two component, however, was im 
possible because of the poor resolution of our 
spectrometer. The lack of the accurate dat# 
about the intensity ratio of the de-excitatior 
gamma rays also made the estimation of the 
branching ratio difficult in spite of a rather 
simple decay character of Tm!” . 
From the decay characteristics and the yield 
of the 20-min activity, it is considered to bed 
assigned to Tm! The end-point of the 
beta ray was determined to be about 2.0 Me 
and the log ft value obtained for the transitio 
was about 6. This suggests that a lu transi 
tion or an ah transition may occur from Tm!‘* 
The ground state of Tm! may also be con 
sidered to be 1/2+[411] as in the case of Tm!73;} 
The ground state of Yb'* is certainly 7/2—[514 
as is known from the decay analysis of Yb!?# 
to Lu'®. Therefore, according to the above+ 
obtained log ft value the direct ground states 
beta transition must be forbidden by the beta 
decay selection rules in terms of the asymptotia 
quantum numbers. Since the 2.0-MeV end- 
point of the beta ray from Tm!" differs fro 
the expected value (about 2.5 MeV) predicted 
from the energy systematics by about 0.5 MeW 
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and since the strong gamma ray of about 510 
keV observed, the beta ray is likely considered 
to lead to some excited state at an excitation 
energy of about 510 keV or more. The 1/2 
—[510] intrinsic state or the 1/2—[521] orbital 
is the only conceivable state populated by a 
lu or an ah beta ray transition from Tm‘™ 
from the analysis of the Nilsson diagram. An 
excitation energy of the possible 1/2—[510] 
intrinsic state is estimated to be about 0.7 MeV 
from the systematics of surrounding nucleides. 
‘On the contrary, the 1/2—[521] state is expected 
to be more highly excited than 0.7MeV. The 
5/2—[512] intrinsic state which is the ground 
state of Yb'”* is expected to appear at about 
0.4MeV. Thus one may very tentatively 
expect the successive de-excitations from the 
1/2—[521] intrinsic state to the ground state 
of 7/2—[514] via the intermediate state of 5/2 
—[512]. The observed 510-keV gamma ray 
amay probably correspond to one of the gamma 
rays of the cascade transition. The discussions 
amade above, however, are very tentative 
because of the poor information obtained. It 
seems necessary to make further studies to 
complete the decay schemes of the newly found 
‘Tm isotopes. 

mS) Lut, Lut@m and Lu! 

Butement reports 22-min and 5-h activities 
in the photoreaction products of hafnium and 
assigns the former to Lu‘’® and the latter to 
Lu!”®.® In order to study these activities in 
detail, we first looked at the half-life of beta 
tay higher in energy than1.1MeV. The bias 
was set so that we can get rid of the 3.7-hours 
T.u!”* activity which has the end-point of 1.1 
MeV. The early part of the decay curve is 
shown in Fig. 10. The long component was 
found to have a half-life of 7.5 hours, but the 
‘shorter one seems to have two components, 
one having a half-life of about 30 minutes and 
the other having a half-life of roughly 15 
sminutes. 

From the time change of the beta spectra 
we separated these three activities and the 
result is shown in Fig. 11 and Fig. 12. The 
end-point of the 7.5-h component was found 
to be approximately 1.35MeV and shorter 
components we separated to a 30-min and 2.2- 
MeV activity and an approximately 15-min 
activity with an end-point of 1.5 MeV. 

The gamma spectra indicated, besides peaks 
due to positrons from O* and the 0.55-MeV 
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Fig. 10. Decay curve of the beta rays higher than 
~1.1 MeV from the irradiated hafnium sample. 


1.35 +4 0.05 MeV 


1.0 
———-- ENERGY _ (MeV) 
Fig. 11. Kurie plot of the beta ray spectrum of 


the 7.5-h component from the irradiated hafnium 
sample. 


radiation of Zr impurity and the long lived 
Hf1”8 and Hf!”, and existence of gamma rays 
with energies of 60 keV, 90 keV, 125 keV, 325 
keV and 425keV in quite similar intensities 
which decayed with a half-life of ~16 minutes 
(see Fig. 13). However no gamma rays decayed 
with the half-life of 30 minutes. The spectrum 
taken soon after the irradiation is shown in 
Fig. 14. Fig. 15 shows the spectrum taken 
about three hours after the bombardment. We 
see two gamma rays of 215keV and 90 keV 
besides the gamma rays due to Hf!” and Hf!”. 
The former radiation was found to decay with 
a half-life of ~8h from the time change of the 
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Fig. 14. Typical gamma ray spectrum of the 
20 EKG) irradiated hafnium sample taken soon after the 
ENERGY (MeV) bombardment. 


Fig. 12. Kurie plots of the short-lived beta rays 
from the irradiated hafnium sample after sub- 
tracting the 7.5-h component. 
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O \ 2 Fig. 15. Gamma ray spectrum of long-lived activi-+ 
HOURS A 3 a : 5 ] 
ties from the irradiated hafnium sample obtaine 
Fig. 13. Decay curve of a gamma ray peak at at about three hours after the termination o 
about 325keV of the irradiated hafnium sample. the irradiation. 
spectrum. The experimental facts stated First, the 30-min activity is almost pur 


above are enough to assign these activities to beta emitter with an end-point energy of 2.98 
Lu', Lutsm and Lut”, MeV. This energy is almost equal to thd 


(1961 


decay energy of Lu!’® expected from the beta 
ray systematics (the expected value was ap- 
proximately 2.1MeV). Also, the coupling rule 
of angular momenta in deformed odd-odd 
nuclei®) suggests the ground state of Lu!’ to 
be 1+ arising from the coupling of 7/2+[404] 
proton to the 9/2+[624] neutron. The log ft 
value measured as 6.5 is consistent since the 
transitions to the ground and the first excited 
state of Hf!’* are classified as ah. 

The 16-min activity has beta end-point of 
~1.5 MeV and has several gamma rays. They 
are considered to be identical to the gamma 
rays appearing in the decay of the 4.8-sec 
isomer of Hf!*. Therefore, the activity is 
assigned to Lu!’*m which probably has a very 
high spin. Indeed, the coupling rule suggests 
an existence of a 7+ isomer (the coupling of 
the 5/2+[402] proton to the 9/2+[624] neutron). 
If this decays directly to the 4.8-sec isomer 
which probably is the case because of a very 
severe requirement of K-selection rule observed 
in this region the decay energy of isomer 
becomes 2.65 MeV, which places isomer about 
~400 keV higher than the ground state of Lu!”®. 
The log ft value of the beta decay is about 7 
and is consistent with such an assignment 
made above since the decay is classified as 
first forbidden. In 1957, Stribel reported the 
325-keV and the 445-keV gamma rays in the 
18-min activity of Lu'”.® This must corre- 
spond to our Lu!78m, 

The 7.8-h activity then goes to Hf!”*. Since 
the intensity of beta ray was found to be 
almost equal to that of the 215-keV gamma 
ray, the decay is probably a simple cascade 
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of a beta and a gamma ray by and large. 
The 215-keV gamma ray is assigned to the 
well known transition to the [514]7/2— state 
to the ground [624]9/2+ state of Hf!”*. Since 
the Lu'” is expected to have 7/2+[404], a lu 
transition is expected in the beta decay. The 
log ft value of 6.8 is in good agreement of this 
assignment. The low energy gamma rays of 
60 keV and 90 keV are assigned to KX-ray of 
hafnium and probably to the decay of the first 
rotatinal level of 7/2—[514] level, which is also 
expected to be populated by beta rays in 
appreciable amount. 
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The time relaxation function for pressure broadening is derived in the 
cumulant expansion form with the number densities of the system as 
variates. In this derivation the multiple collisions are taken into account 
and the Boltzmann distribution is assumed. By introducing the Born- 
Oppenheimer approximation and the statistical approximation, each cumu- 
lant can be written as a sum of irreducible integrals. When there is no 
correlation between perturbers and their effect on the absorber is scalarly 
additive, all cumulants drop out except the binary collision term. The 
criterion for the validity of the statistical approximation is that the rate 
of time change of difference between adiabatic potentials of initial and 
final states to this difference is much smaller than the frequency devia- 
tion from the natural frequency. The reason why the Jablonski’s quan- 
tum mechanical theory gives the equivalent result with that by the 


classical method of Kuhn-London is clarified. 


Introduction 


$1. 

Broadening of absorption and emission lines 
of atoms and molecules in a gas has been 
studied by many authors since the end of 
the nineteenth century, and it has proved to 
be powerful resources for the insight of inter- 
atomic and intermolecular forces. 

Theories of the pressure broadening which 
have appeared up to the present can be 
divided roughly into two categories. Statis- 
tical theory is one, in which perturbing par- 
ticles (perturbers) are treated statically and 
considered as statistically distributed around 
the absorbing particle (absorber) or the emit- 
ting particle (emitter). The other is called 
collision or impact theory which treats a 
system of an absorber and a_ perturber 
dynamically. An unified treatment of these 
two theories was put forward by Anderson" 
and Anderson and Tallman”, and they showed 
that the both theories are the limiting cases 
of a more general formula. For sometime it 
has been believed that the statistical theory 
is valid at high density of perturbers and 
absorbers and the impact theory is good at 
low density. Both theories and almost all of 
other methods presented so far assumed that 
the effects of the perturbers on an absorber 
could be superposed independently and thus 
the correlation between perturbers could be 
neglected. As is shown in the following, we 


have to consider the higher order collisions 
to obtain the formula which can be used at 
the high density in the statistical theory as 
well as in the impact theory. 

It is known that when the density becomes 
high, shifts or breadths of spectral lines 
deviate from what the previous theories 
predict, and that sometimes new satellites 
appear besides the main bands?). 

At higher densities, interactions between 
three or more molecules would become effec- 
tive, and at the same time average collision 
diameter would become small. The deviation 
from the theory has been attributed to either 
multiple collisions or detailed shape of inter- 
action potential between an absorber and a 
perturber at the close approach. Some works 
have been attempted to explain high density 
behavior of the spectral band of alkalis along 
these lines in qualitative way*. 

In this paper, a general formula which can 
be used at higher densities as well as at 
low density is presented and the region of 
the applicability of the previous theories is 
investigated. In section 2, we start from the 
relaxation function of the many-body system 
which was derived by Kubo®’, and derive a 
spectral intensity formula. With the use of 
the cluster expansion method, the relaxation 
function in grand canonical ensemble is ob- 
tained in section 3. The second relaxation 
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function is found. It comes from the cor- 
relation between dipole moments of two 
absorbers and might play some role in a self 
broadening problem at high density. In 
section 4, the Born-Oppenheimer approxima- 
tion is introduced and the particular terms 
for a special spectral line are selected out 
from the total relaxation function. For this 
one-band relaxation function, cumulant form 
of the expansion is obtained whose first order 
term gives the same result as the former 
statistical or impact theories under the suitable 
approximations. In section 5, by taking 
a simple case for an example, the general 
statistical approximation and its validity are 
discussed. The one-band relaxation function 
which is free from the Born-Oppenheimer 
assumption is derived in section 6. The 
validity of the Jablonski’s quantum mechani- 
cal theory is also investigated. 


§2. Spectral Intensity Formula for Pressure 
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is characterised by the Hamiltonian 
Fn =Hg(%a)+T a , (2:0) 


where Hy is the Hamiltonian for internal 
energy, xa Stands for internal coordinates of 
the absorber, 74=fa?/2m, is the translational 
kinetic energy, fa and my, being the memon- 
tum and the mass of the absorber. The 
Hamiltonian of an isolated perturber / is 
SE p= Ap(xj)+TP , (ZeZ)) 

where Hp is the Hamiltonian for internal 
energy, 7 p=p;?/2mp is the translational kinet- 
ic energy, mp the mass of the perturber. 
We denote the interaction energies between 
absorbers themselves, perturbers themselves, 
and an absorber and a perturber by Ua(xaxe, 
rare), Uplxsxte, ryre) and Uapl%exs, Yarj) re- 
spectively, where 7a is the space coordinate 
of the center of mass of ath absorber etc. 

Then the total Hamiltonian of the system 
consisting of Ni absorbers and N2 perturbers, 
GN ,Ny, is written as 


Broadening Iw w,= Hw w,+Tyv,w,+U ny, ; 3) 
Let us consider a system consisting of Ni Where 5 2 
absorbers (A) and N2 perturbers (P) per unit Ee =u Hala) Ss oa (2.4) 
volume interacting with each other. We w=1 j=l 
designate the absorbers by a, f, ---, and per- Ny No : 
v= 2h 
turbers by j, k, ---. An isolated absorber a Tyr, = Tate T(J) » (2.5) 
Uv we= > Unatoxp, rara)t+ > Uplxsre, vert) +3 31 UarlXa%s, rors) - (2.6) 
N\=@>fP21 No=j>k21 @ Jj 


When this system is in thermal equilibrium, the response of the system to an external 
electric field is given by the relaxation function” 


p 
o%2)=| di Tr{pM(—iha)M(2)} —B Trl MeM)} , 
0 


where 


0=pw ww. =exP(-BHw,y,)/Zn wy ) 
Zw ,w,= Ir exp(—8. wy.) ’ 


(2.7) 


B=V/kT , 


M( —iha)=exp(A Fw w,)M exp(-A FF) » 


M(r)=exp(i Fw w,t/h)M exp 1H ,0/h) , 


M=); Vp Li ’ 


(2.10) 


pa and py are electric dipole moments of ath absorber and jth perturber, ane M® is the 
diagonal part of @. ; . | 
Usually, M(—iha)M(c) is a dyadic, but since we are dealing with the system in a gas 
phase, off-diagonal parts will drop out when we average over the orientation of M, and 
diagonal part becomes equal to the one third of the scalar product of M(—tha) and hak T) 
averaged over the orientation of M. As we are interested only in the spectrum dO, 
ys in (2.10) can be neglected. It mav be necessary if we consider the spectra of absorber- 
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perturber complexes which might be formed when the density of the system becomes very 
large. We shall not consider such case, and throughout this paper we put 1) 


Ny 
M=> fa (2.11) 
@=1 


instead of (2.10), and replace dyadics of dipole moments by one-third of their scalar products. 
The frequency dependence of the response can be represented by the first term of Qc), 


(2)=3| Tr {oM(—ihd)M(2)}d2 , (2.12) 
0 
which is called hereafter the relaxation function, and its Fourier transform 
o)=\"g(s)exp(—ie)de : (2.13) 

is called the spectral intensity. It should be noted that the real power absorbed or emitted | 
by the system differs from J(w) by the factor proportional to o*®. 

y(t) of (2.12) is to be calculated for the system #w,w,. Instead of doing that, we deal 
with the average of 9(c)=¢y,w,(t) over the grand canonical ensemble, 


Para SS Oy nl ceize"iZy WJ ZeNil Nol. (2.14) 
Ny=0 No=0 


where Z; is the grand partition function 


lhe > p> Pay WZ 1Z2%2/Ni! No! , (2.15) 


Ny=0 N 


and z: and zz are the fugacities of the absorber and the perturber. 


§ 3. Cluster Expansion of Grand Partition Function and Relaxation Function 
3.1. Grand Partition Function 

The cluster expansion of grand partition function was first introduced by Ursell?) and | 
Mayer® in the classical statistical mechanics and extended to quantum statistical mechanics 
by Kahn and Uhlenbeck”. Recently perturbational treatments of the expansion have been | 
investigated taking into account Bose-Einstein and Fermi-Dirac statistics!®-!2. Yokota! _ 
derived the virial expansion of the grand partition function to the third order taking into 
account the quantum statistics. Kubo'!) showed the general method to obtain the any order 
terms of the expansion. 

In this paper we deal with only Boltzmann statistics for simplicity and this sets no limita- 
tion for practical use. By doing so all the exchange effects are neglected. But we can | 
take into account a part of them by introducing exchange interaction into adiabatic poten- 
tials afterwards. 

The cluster expansion of the partition function or the grand partition function is a straight- | 

f forward procedure, and the virial expansion of them can be obtained by the similar way as | 
in the earlier work in classical statistical mechanics. But as we deal with a two- -component | 
system taking their internal energy into consideration in addition to their translational | 
motion, it is convenient to define some quantities and to show some relations between them | 
which will be used in the later sections. 

The cluster expansion of grand partition function is of the form 


Zo=exP > Ve: 122120 ) ’ (3.1) | 


Iy+le= 


where V is the volume of the system. 
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The relationship between Zy,n, and Vby,v,N!N! is the same as that between the cumu- 
lants and moments in a distribution. Therefore we can write 
ZN yNy= Ni! N2! > TT Vb1,2,)""1"2/11,2,! 7 (3.2) 
CD Liniig=Ni, t=1, 2) 
or 


byw,=— 


ee : 
yp Nit —1) LL = Zi jgpfdat lot) '1"2/102,7,! 7 (3.3) 
(> himiyi,=Ni, t=1, 2) 
using the result derived by Meeron') for the multivariate distribution. In Eqs. (3.2) and 
(3.3), the summations are carried out over all possible partitions of the set of Mite parti- 
cles into m,., mutually exclusive subsets, each contains /:+/: particles, under the conditions: 
> Liniyi3= Ni and o> l2Nt,17= Ne. 
bio and bo: can be written explicitly as follows, 


b= Tr exp (—8 Ar) =41/u1 , (3.4) 
b= lit: exp (—8 Har) =£2/v2 5 (3.5) 

where 
€:=Tr(i)exp(—fHa) , (3.6a) 
So=Tr(z)exp(—AHp) , (3.6b) 
vit=Tr(t)exp(—BT 4)= (22h? B/ma)*” , (3.7a) 
vet=Tr(t)exp(—8Tp)=(2zh*B/mp)*” , (3.7b) 


and Tr(i) and Tr(t) mean the traces over internal motion and translational motion respec- 
tively. 
The number densities of absorber and perturber, o: and 2, are given by 


(1 =e f p> iby woes 1222 > (3.8) 
iI Ie 

2 aes = (Node pry2i™ 222 3 (3.9) 
Bes Oy 


When 2:0 and 2:0, ai—(Ci/vi)zi. Then we can obtain the inverse relation of (3.8) andi 
(3.9) in the following form: 


(Cifoizi=pi exp, — >), 2) fBeyx,0r8-to2 : (3.10): 
ky=1 ky=0 

(Cofva)en= or exp{ — 3 EbBenotiote \, (3.11) 
a= 2= 


Bix, is irreducible integral for two-component system. The relation between bw ws and 
Be,x. or rather (v:/01)” 1(V2/C2)*2bw,w, and Bx,x, has been obtained by Mayer for classical two- 
component system’. The relationship between by,w, and Bx,x, is a mathematical one and 
we can use the same formula connecting them also in the case of quantum mechanics if 
the series in Eqs. (3.8)-(3.11) converge. This convergence is guaranteed because the system: 
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is now in gas phase. We write the relation between them in the following. 
For Ni>0 and N2>0, 


V1\"1/ v2\"2 / 
i Ga NENeby p= S(O ken) TU Miki Bey (Neko Buy"2/rie! max! , (3.12) 


C1 Ce MypNok Fe k 


~where the suffix k stands for a pair of (fik2) and the summation over mx and wx is carried 
out under the conditions ~ 


Ni=di(ki—Sis)nie + Sih — 912) Max ; i=1,2, Akitke>2. 


k 
For M>2 and N2=0, 
Ni2(01/61)* by o= 3 T(NikBxo)"*/ne! Tt (3.13) 
™% 


~where the summation over mx is carried out under the conditions 
DVR=—Dm= Mi 1, M>k>2, 
and for Ni=0, N2>2, 
Se T(NokBox)"*/nx! ; (3.14) 


‘under the conditions 
>(A-1)mx=N2—-1 ,N2o>k>2. 


‘3.2. Cluster expansion of Relaxation Function 

Montroll and Ward” have given the cluster integral developments of a relaxation function 
for quantum mechanical systems applying the method which they have used for the expan- 
sion of the grand partition function. Their method consists mainly of the application of 
perturbation methods of the quantum field theory. Yokota!) showed some formula for the 
relaxation function in a pressure broadening problem, but the assumptions included in his 
formula are not explicitly stated. 

As the system under consideration includes the internal motion of particles, another ap- 
proach to the problem is made. The relaxation functions can be divided into two parts: 


gw w(t) =Py wt) + Pn » (3.15) 
geo) = | Telepathy) (3.16a) 
oh) Sag | Telepathy pale) (3.16b) 
galt) =9e'(r) + Ge(r) , (3.17) 
eo'(e)= 3 = Ob e 20" Zar, Zeit Ne! , (3.18a) 
vel(e)= SS = are e™ 20" 2Zox are] ZN No) (3.18b) 


The first relaxation function g¢ is the correlation function of the dipole moment of an 
absorber. ge represents the correlation between the dipole moments of two absorbers. Its 
contribution to the spectral intensity begins from a term proportional to the square of the 
absorber fugacity, and it has been neglected in the previous self-broadening theories. It 
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can be dropped also when the interaction between two absorbers has some symmetric pro- 


perties, spherical, for example. It may not be neglected when the density becomes high. 
and the interaction potential is of low symmetry. 


The cluster expansions of the relaxation functions are given by the equation 


plM(e)=ar dS SC) jemam, p=, 2. 3.19) 
Mo= 


m= 


We shall call Cmjm, the cluster relaxation function. Let us write 
. F : : 
Xp», 9 (= [a Tr{ exe [E (6 +o cmd ) mv, fs exp| (+ ol )\¥#om| por} , (.20) 


then from the following equation 


Omi tM: +P 


! 1G) al eee ae 
(m1 +p)! me! Cre) | Oz1™1tPAz™2 


pains) | 5 


%4=%=0 


we get the relation which gives the cluster relaxation function in terms of X(r) and by ,w; 
1 my Ms \ 
Cmims(t) =a v2 Sahl hs Hea! 3) TN — Vbay14)"41"2/10ay29! (3.21 
Ul 


where the summations over 1,1, is carried out under the conditions 
> linit,=mi—ki , jsile 2. 


The inverse relations of (3.21) can be obtained from 
ON ee aed (p) 
X90 =| sreaper 70020 | 
They are 


hey 
X,2,(c)=hu! ho! 3) 


MmM1= 


k 
YC, OZ MW(Vbry2,)"2/myry! , (3.22) 
0 mo=0 ny 


The summation over 7,1, being subject to the conditions 
D limi yi,=ki—m , (=e Ds 


We note the similarity between Eqs. (3.22) and (3.2). The former is identical with the 
latter except one special cluster function, C,,?!, (c), which includes in its cluster the first (for~ 
p=1) or the first and the second (for f=2) absorbers. We denote these special absorbers as.. 
w-absorbers, and call other absorbers and perturbers which effect the motion of the p- 
absorbers as perturbing particles. In the similar manner like by,y,, Coe) will be zero 
unless 71+mz particles belong to the same cluster as y-absorbers. It means that all the 
m1+m:2 particles correlate with y-absorbers thermally or by collisions during the time interval 
zt. From the Equation (3.21) we obtain 


cem=t & Cexp{—sE3,)—exp(—sE3,)}expi(Es,—E {AEs —E +, 8.23) 
wo Ce) 3 v1 (mn) 


where E 2, is an energy eigenvalue of Hy. This term gives the unperturbed absorption or~ 
emission spectra which consists of sharp lines at o=(Ej,,-E ie 
The second and the third terms, 


CPOQ=FIXOO-XBOVOul , (8.24), 
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CPO)=HAVO-XVE)Vbe1 | 3.25) 


give the corrections which arise from collisions between y-absorber and another absorber or 
a perturber. The higher order terms of CHa) give corrections coming from higher order 


collisions between the absorbing particle and perturbing particles. 
The lowest order term of the second relaxation function, ge, is 


CE@=z\ a Tr{ exp \¢ (6+ ae, ) | EXP des ag ) 0 |p \ _ (3.26) 
0 

If there is no interaction between two absorbers, this term becomes zero after being averaged 
over the relative orientation of two dipole moments, and in many cases this term may also 
be averaged out except in some cases where the coupling motion of two absorbers occurs. 

We shall hereafter neglect the second relaxation function and-drop the superfices because 
it is less important than the first one on the one hand and because the relations which will 
‘be obtained in the following concerning to the first relaxation function can be easily ex- 
tended to the second one on the other hand. 

The Fourier transform of the relaxation function gives the over-all spectrum of the ab- 
ssorber. Usually, however, we are interested only in a certain line or a certain group of 
lines, either isolated or overlapped, and it is convenient to pick up the terms from Cym,m,(z) 
‘which contribute to a particular line or lines under consideration. This procedure has been 
used by Kubo and Tomita!® for isolated lines in the case of magnetic resonance absorption. 
For this purpose, in evaluating X(c) or C(c), we shall restrict our consideration to a parti- 
cular sub-space of Hw,w,. Next step is then to divide the energy space of #w,w,, or rather, 
en n,X n,n, into suitable sub-space, which will be done in the next section. 


§4. Adiabatic Approximation for Interaction Potential 

If the interacting particles, absorbers and perturbers, are not light particles such as elec- 
trons, we can usually make use of the Born-Oppenheimer’s adiabatic approximation for the 
motion of the total system. By this approximation, the eigenfunctions of #w,r, are given 
as a set of functions £'%1%2)(x, r)¢%1"2)(7) which satisfies 


[Hw w(x) a Uw,w,{(x, 7 )\ Pina) Of) = LE aa Ab Vaasa (noir) it, Oe, (4.1a) 
[Ty t Viti? (ry)? (7) Sera pinr™2 (7) , (4.1b) 


‘where E/"1%2) is the mth eigenvalue of Hy,w,(x) and x stands for a set of internal variables 
of Ni absorbers and N2 perturbers, and 7 is 3(Ni+.N2) dimensional space coordinates of the 
total system. Vn'%1%2)(7) is the adiabatic potential of the total system, and v designates the 
mode of the translational motion. 

As the commutator [Tw,w,, $n'%1%2)(x, r)] is neglected in this approximation, we obtain 


Zn w= i af | axar 2 PIN) *(x, 1G IND *(r) exp (—Bel¥i¥2) PiNaNa) (xr) hMNa)(r) 


= exp(— BEY?) Tr@exp[ —A(Dw,x, + VaM¥®)) | (4.2) 


Let us introduce a index w to designate a certain group of spectral lines of absorber. We 
pick up terms which contribute to the wth group from terms of C(t) or X(t). The initial 
and the final states responsible for wth absorption spectrum are designated by a set of 


indices (2)=(wmi) and (f)=(fwmy) where mi and my represent the sub-levels of states tw and 
Sw. Then 


Xigeg(@) =D Xue (Tt; W) , (4.3) 
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1 0) 


f0p)\(Fvs|qulivs A (4,4) 


’ Bp } 
Toe oe ses \ aD (iv: = fe pees, ) A ; | 
ms Te Us vr h nae 


exp | (p21 ) a | 


<(ivilgnlfon( for 


This can be transformed into 


4 : B , 
Xx,-1,k9(T; W) = 3) >) exp(— BE“1*2)) | dd exp{(it—Ah) }ow 
0 


me Mm 5 


x Trif) i exp fis (6 ao 4 t—A \(Paie+ vir) [ills 


x exo (F< —4)(Temgt V see Flmniah, (4.5) 
~where 
llr) =| daira) gga : (4.6) 
and 
w= Est) — E54) =E 2, —-E 2. (4.7) 


When the shift or the breadth of the spectral line is much smaller than kT, we can 
neglect 2 in Tr(t) operand of right hand of Eq. (4.5), and X(r; w) becomes 
XgE,-1,4,(7; W)=>, > exp(— BE 12) )\1—eP *°,, et how 


x Tro} exp f= (6 +5o\(Te, vy + Vathsto) 1G mr) f) 
<exp| Giese SIG »)| rAVKCo)| ah. (4.8) 


The cluster relaxation function for wth spectrum, C(c; w), is defined by the equation which 
is obtained from Eg. (3.21) by replacing X(c) by X(r; w). And we define the relaxation 
function for wth spectrum by 


get; W)=2Z1 2. ss Crmyrms(t 5 W)Z1™1Z2™2 : (4.9) 

my=0 to 
‘This form of expansion, however, is not very convenient, nor the lowest term corresponds 
to the previous theories. If we use perturbation method, we get the power series expansion 
in t, and we have to evaluate the shift, breadth or higher moments of the spectral line by 
the moment method. This method loses its power in the case of a group of overlapping 
lines. As the results of experiments are described in terms of density rather than fugacity, 


-we seek for a expansion of g(r) of the form 
galt; W)=Aw exp Y(t; w) =Aw exp { Qe Tol w)prrperh (4.10) 
¥ytyvg= 


As the first stage to reach (4.10), we expand the double sum in Eq. (4.9) in the following 
.exponential form, or the cumulant expansion form, 


x s Can mnt w)zi™1Z2™2 =(Aw/arexp4, 2 oP kal W)zi"1zok2 \ , (4.11) 
1 Ko 


m1=0 my=0 


~where the cumulant [°:,x,(c; w) is obtained from the same formula used to get the relation 
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between Zy,v, and bw,v,. We have, 


Te ike aces W) — 22 Mm—1)! IC — —Crmm(T3 w)/Coolt; w))"m/Am! 


(& Mitn =i, i=. 2) 5) (4.12) I 


and 


Aw=zZ1:Cool(t; w) . cf (4.13) 


In order to make the meaning of the expansion (4.11) clear, we write the essential part 
of Xx,x, in interaction representation and make use of a classical picture in which colliding 
particles follow definite paths in the course of time although the equations are entirely 
quantum mechanical. It can be written 


Tr(t){ exp ls (6+ 40 \ Pe = varie) [alent f) 
x exo] Ee(Taaet vine) (Flacnia} 
eT) {expl—B(T ext, + Vie) lpn OAL 


xexp-(—4 | Wat Jexp:(+ : \" Vy/(t)dt site (4.14) 


where exp- and exp, are ordered exponentials, and 


We) =exp( — ET mm )V exp Ga2a : (4.15) 


We have used in Eq. (4.14) the Born-Oppenheimer approximation again, that is, we neglected | 


the commutator of Tx,«, and yi(r). The first factor in the Tr(¢) operand of right hand of 
Eq. (4.14), exp(—B(Tx,x,.+ Vi®1*2))), shows that we take average over the canonical ensemble 
for the initial state. The ordered exponential functions give the effects of collisions during 
a time interval ct. According to the initial conditions, there are many possibilities. In some 


cases, only one perturbing particle may pass near the yv-absorber during the interval c, and |) 
in another cases, a certain number of perturbing particles may affect the motion of the p- | 


absorber and the rest may not. The latter particles do not appear in ordered exponents, 
and their possible correlation with the wv-absorber is thermal correlation and indirect collision 
with other perturbing particles which collide with the y-absorber directly. 

It must be noted that, in Cmm,, mitms perturbing particles are not necessarily close 
together. Each perturbing particle can collide with the y-absorber one by one during the 
time interval rt, having no correlation with each other. Then, if the density of the system. 
is considerably small, perturbing particles can be grouped into some number of sets, any 


two particles of the different sets have no correlation with each other. To construct Ix,x,. | 
from Cm,m,’8 is equivalent to separate the collisions of groups into mutually independent | 
sets. J’x,x, gives correction term due to the correlation between colliding particles. Then, | 


if each collision of perturbing particle with the v-absorber is independent of other particles, 
and its effect on the y#-absorber can be considered as additive even though they collide with | 
the y-absorber at the same time, and if thermally uncorrelated too, I’x,x,=0 except kitk.=1. | 

This statement can be shown explicitly. Let us start from yz,x, of Eq. (4.8) of example. | 


Several conditions are necessary in order that we may superpose the effect of each collision. | | 


independently. The sufficient conditions are: 


(1) The adiabatic potential energy of the total system must be additive, that is, it can | 
be expressed as a sum of two-body potentials between the absorber and one of the perturbing: 
particles. There should be no interaction between the latter particles. 
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(2) The dipole moment of the absorber does not depend on the configuration of the total 
system, that is, the Condon approximation is valid. 


| (3) The mass of the absorber can be considered as infinite so that it does not recoil at 
collisions. 
Under these conditions, and assuming w is an isolated line to avoid irrelevancies, we get 


Xx,k(t; W)=3D = I Tr (¢) exp {—S(E?2, + Ta+ Vion)} 


eee te (ray 1 
x exp_ ( ash Viga(t)dt ) exp+ eae Vi,a(bdt 


=3D II yo(r; w) , (4.16) 

where 
3D=exp (—BE 2,)(1—e78¥ ow) ett owl (Z| u| f)|2VE1/uihow , (4.17) 
and g runs over the perturbing particles a=1,2,---,k: and j=1,2,:--,k:. Ty is the trans- 


lational energy of the relative motion between the reference absorber and gth particle, Vian 

is the adiabatic potential between them when the absorber is in the initial state and the qth 

perturber is in the mth state, and E?, is the mth unperturbed energy of the gth particle. 
By means of Eq. (3.21), Cm, becomes 


C26 ales ys tyalo(— VB0)1-#1(— Vbor)me-ke 


mi!m2! k1=0 ko=0 ky kz 
=? (y,—Vbi0)™(y2—Vbo1)™ , (4.18) 
mu!mz2! 


for, in this case, bv,v,=0 except Nit+Nz=1. 4: and ye are yq’s for an absorber and a per- 
turber respectively. Now, 


SS Cmymg(ej w)zr™22=D exp {(yi— Vbio)er+(y2—Vbo)20} , (4.19) 
0 


m,=0 Mo= 


and comparing Eq. (4.19) with Eq. (4.11), we get 


Pi0=41— Vd10 5 (4.20a) 
Po1=%2—Vob01 5 (4.20b) 
L'x,%,=9 , if Aitk+#l1. (4.20c) 


As the number densities in this case are 
pr=(Cr/v4)Ze , 
we get finally 
get; w)=21D exp {pif io(t; w)+pryoi(t; w)} , (4.21) 


where 


T10(T 5 w)=— Sexp(—&E2, ir {exp (—B(Tat Vian)) 
ere ( = Visg(®at ) exp; (=, Viaa(bat) Bexp (er oh (4.22) 
ro(T3 w= expt Sis) Tr {exp (—B(Tpt+ Vran)) 


Sexy ( aah Virx(bat ) exp, al V fos(f)dt)—exp ge ar) - (4:22b) 
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The first equation represents the effect of the binary collision on the self-broadened 
spectral line, and the second one gives that on the foreign broadening. If we could assume 
that V(t) commuted with V’(t’) at all times, the ordered exponentials would be replaced by | 


the ordinary exponential function, 


(exp-( sai W(bdt ) exp. ea vi(bdt) exp ical (V/)— V(@)at) : 


This quantity has been evaluated by using various assumptions®”), For instance, Anderson 
and Talman evaluated the time integral with the assumption of classical paths for the in- 
verse power potential and calculated the spectral intensity formula”. 

Returning to the equation (4.11), we note that 


Pe; w)= DS Try (t; w)or1o.%2= D) Vayeo(t; w)zrzZek , (4.23) | 
1 ky+hg=1 e 


Vy+vg= 


and thus we have 
Ost ez" z0%2 
Tee LO) ee 
Pi=P2=0 


00110 0"2 


Tyy,{t; W)=——— 
YiiV2iLkyt+kgel 


By inserting the Eqs. (3.10) and (3.11), this becomes 


ees eee Tigcofic ay OE Oe ies (4.24) 


ky=0 ky=0 \ G1 Ce mir! ne! 


the third summation is to be carried out under the condition 
> (5-6 j1)mut+ > (Lj —6j2) N21 =v5—k; , AEMNGZ « 


The meaning of the quantity 71,, is not so clear as I’x,x,. But it may by remarked that 
the thermal correlation included in the fugacities are cancelled in 7»,,. If there is no 
thermal correlation, it becomes 7x,%,=J%,%.(v1/C1)*1(v2/C2)*2. 

The first few 7»,»,’s are, by Eqs. (4.12) and (4.24), 


Y10(7; W)=(W1/E1)(Cro(z; w)/Coo(z; w)) , 
ToilTt; W) =(V2/C2)(Cor(t3 W)/Coolt; W)) A 
ed = UL 2 Cro(t; Ww) cer: Ciol(z; W) 2 as U1 Cio(t; W) 
‘i f @ es Gus W) 2 ees WwW) ) \ aa Coot; Ww) ie : 
ieee? Cult; w) — Cro(t; w)Cor(r; w) 
PN C1 aes W) (Coo(t; w))? i 
V1 Cio(c; W) LB Cor(t; W) B 


1 Coo(t; w) - Co Coo(z; w) 


$5. The Statistical Theory and Diagram Representation of Relaxation Functions 


We have obtained the formal formula for the cluster expansion of the relaxation function, 
and discussed the meaning of the general term of the developments. As we have stated 
above, if the effect of individual collision on the absorber can be superposed, the binary | 
collision term is sufficient for the relaxation function. This fact is also pointed out by Kolb | 
in the case of the phase shift theory by different argument, | 

On the contrary, if the interaction between perturbing particles is considerably large, or 
their interaction is not additive, the higher order terms may increase their relative impor- 
tance especially at high densities. In this section, we shall investigate the case when the 


interaction between perturbing particles cannot be neglected. The following assumptions | 
are introduced at this stage: 
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(1) The translational motion of the particles does not change its feature by the change 
“of electronic states in an absorber, that is, we can put 


[Px ,e5),) Vas y=0 (Ga) 


for the system of f: absorbers and k: perturbers. 
By this assumption, we can write 


exp-( 7; i Vitito(edt) exp, es Vy *12)(t)dt ) =exp aut Vp 182)(7) — Vilhs¥2V(y)} (5.2) 
0 


‘This implies that the relative translational motion of particles does not contribute to this 
function, and this leads to the statistical average of the phase shift function (5.2) over the 
canonical distribution of the particles. We can regard the condition (5.1) as the criterion 
for the validity of the statistical theory. We shall examine the meaning of this condition 
later. 

(2) All perturbers are in their ground electronic states of energy zero, thus we can put 
1, 

(3) An isolated absorber has only two electronic states E2;=0 and E3,=E=ho, and 
E>kT, thus we can put Gi=1. 

The second and the third assumptions are introduced only in order to strip the problem 
of irrelevancies, and we can generalize our result obtained below easily without these as- 
sumptions. 

(4) The Condon approximation is valid, that is, the r-dependence of dipole moment matrix 
element can be neglected. This assumption may be sound in the case of allowed transition. 

(5) The adiabatic potential energy of the total system is additive. 

(6) Thermal average can be done classically. 

By the first to the fourth assumptions mentioned above, Eq. (4.8) can be written as 


seared eta ws {exp b= BlTregt ig + Viet 22) exp l Fo Vtetists) — Vite. ¥2) |! G3) 
~where 
3K =~ exp ior |Gll AI. 
By the fifth assumption, we can write 


ky kg , 
Vitrtt.e—= SS Vaia, B+ S > Varia, f+ 
@=0 j=1 


ky>a>P20 


&,,, Ves, B) (6.4) 


kg=j 

‘Then we obtain 
k ky 

V7 141 he) — Vy hitt he) — Ss (Vaz(0, a)— Vail, a)) + 2 (Vars0, j)— VarilO, q)) 
@=1 I= 
ky kg 
= % dat > AV5. (5.5) 

a=1 I= 


“We have denoted the absorbing particle as the 0-th absorber. Putting Eq. (5.5) into (5.3), 
-and by the sixth assumption, we get 


Kuske(T) =3K]viteve)| dr exp (—Byaert ty eae MVat+ > 4V5)) ! (5.6) 


If we define following quantities, 


fila, f)=exp (—BVaila, B))-1 ’ (5.7a) 
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fej, k)=exp (—AVe(G, k))—1, | (5.7b) 
oa, j)=exp (—BVaril@, j))—1 , (5.7c) 
gi(a) =exp (irdVa/h)—1 , (5.7d) 
gj) =exp Gr4Vi/h)-1, (6.7e) 


the integrand of Eq. (5.6) is written as a sum of products of-f and g, each of which is: 
conveniently represented by a diagram similar to those used in the classical Ursell expansion. 
of partition functions”.®. 

The graphical representation of one of the products II f Il g consists of one reference 
point 0 and ki+k: numbered points (field points), a=1,2,---,: and j=1, 2,---, ke, which are 
connected by a certain number of five kinds of bonds each bond corresponding to one of 
the factors f or g in the product considered, and g bonds-are used only between 0 and 
other points. One of the products in X:,x, of Eq. (5.6) is represented by one or several of 
connected diagrams. In Eq. (3.21) with Xzx,x, of Eq. (5.6), all of the connected diagrams. 
which do not include the reference point 0, are cancelled out with each other, and the con- 
nected diagrams including 0 and m:+mz points contribute to Cmm,. If we write explicitly, 


Cong(s) =K/(oimeto stems tns!)| dr Sod byte, 4 (5.8) 


(connected diagrams) 


where s=1,2,3 and t=1,2. This is what we expected from the discussion in the preceding” 
section. 

If there is such a point in a diagram that we can decompose it into two parts by snipping” 
it at this point, it is called an articulation point, and a diagram which has one or more: 
articulation points is called reducible. An integral corresponding to the reducible diagram 
can be factorized. If we decompose the diagrams of Cm,m, first at the reference point, this. 
gives the result 


Cmym,=Coo > I Lyi..(t3 w))”k/nx! , o> Rifte=mi} +=31, 2). (5.9) 


This is just the inverse relation of (4.12)!», and we can put 


P o()=P nls) =r SH fee Votes the! , (5.10) 


(0 irreducible 
by noting that 
Co=KV/v1 ; (5.11): 


in this case. The summation of (5.10) extends over all the diagrams in which point 0 is not: 
the articulation point. Now it can be shown that 7,,, is the integral of the diagrams which. 
are irreducible and include the point 0, (Cf. Appendix) and, 


(irreducible 


Vivox(e)=|ar SU fagilvatoal (5.12) 


The graphical simplicity of this expression may be utilized to approximate the total expres- 
sion of the relaxation function. 


Let us examine the criterion for the statistical theory. To obtain (5.2), it is sufficient that: 
the following inequality holds, 
[Tx,x5 Vy" rho) — Vy ika)] | <( Vik) — Yyeike))2 F (5.13) 


rather than Eq. (5.1) itself. If the additivity condition (5.5) is assumed, we have, instead of 
(5.13), a set of equations ; 


1961) Cluster Expansion of Relaxation Function 2415 


IIT, VON<4V7))? (5.14) 


for each pair of particles. Now, exp (—iTt/h)4V exp (iTt/h)=AV(t) gives the time variation 
of the adiabatic potential under the free motion of two particles. Then, the equation 


(0/ot)A V(t) =exp ( iT LAT, AV] exp (Tt/h) (5.15) 


‘gives the change of 4V in a unit of time. If the average speed of relative motion is u, 
{T,4V] can be put equal to hu(d4V/ér), and (5.16) becomes 


hu|6AV/dr|<{AVir)}* , (5.16) 


‘for vr of the order of average collioion distance. This is satisfied when u or the difference 
between the slope of the adiabatic potential is sufficiently small. The former condition of 
‘small uw has been stated by many authors as the validity condition for the statistical theory, 
and the latter is also mentioned’. But the combined relation (5.16) has not yet stated. 
We can write Eq. (5.16) in another form: 


eee <lavia (5.17) 


that is, the rate of time change of difference between adiabatic potentials of initial and final 
states to this difference is much smaller than the frequency deviation from the natural fre- 
quency. It is also noted that the condition (5.16) is independent of the value of t. 

When 7 is sufficiently small so that we can neglect the higher powers of z in the ordered 
exponentials, and so that we can put 


exp- ( _ =) Vat ) eXp+ ea V/®at) at Vy—Vi)=exp (Favs — a) : 


-we obtain the same expression as the statistical result. This is the so-called wing theorem. 
‘The region of ct under which this approximation is possible depends on the form of the 
interaction. 

When temperature is high, f function of (5.7) is proportional to 6. As each term of 7», 
has at least »1-+»2—1 of f factors to connect vi1+v2+1 particles into one irreducible cluster, 
Yv,». is proportional to §”1*+”2-! at high temperatures. If we can introduce a spherical inter- 
action volume 0) surrounding a particle such that another particle outside this volume does 
not contribute to f or g functions appreciably, the order of magnitude of 7»,+1,»,/7v,», is 
(bb:|Va()|, and the order of magnitude of 7»,,v,+1/7»,», iS Bbp2|Var(7)|. Then 


fbalVanl<1 , (5.18) 
Bbe2| Var(”)|<1 , (5.18b) 


‘are the criterions that we can neglect higher terms in the expansion of ¢(z) in the case of 
the additive adiabatic potential (5.4). At considerably high temperature we can neglect the 
higher order terms compared with the binary collision term. 

If the adiabatic potential is not additive, the higher order terms may not be neglected at 
high temperatures as well at low temperatures. The diagram representation can be used in 
this case too, if new f and g functions for many-body interaction are introduced and in- 
cluded in the many-body irreducible integrals. For example, the following quantity 


4y20= dr{exp (4 V)(012) ) —exp Ge via) 


‘contributes to the triple collision term 72 at B=0. For large zc, this term may be averaged 
out, but for small z, the order of magnitude of 4720 becomes 
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b%4V(012) -4V(1)—4AV(2)>c/h . 
In order that we can neglect this term’ compared with the binary collision term, we need. 
the inequality 
be:|<4V(012) —4 V1) —4 V(2)) |<< 4 V1)> (5.19): 


where <V» denotes the average value of V. 
The binary collision term at S=0 is 


\ar {exp (FHVs- pe 1)} . (5.20) 


which was evaluated by Margenau2!) for the inverse power potentials. 


x 


§6. Cluster Expansion without Born-Oppenheimer Approximation 


In this section we shall present the general formula which is free from the adiabatic 
assumptions. 

It is to be noted that in the derivation of Eq. (4.10), the introduction of the Born-Oppen- 
heimer assumption is not essential. It was used just to designate the particular terms in 
the total relaxation function which is relevant to the spectrum considered. The relations. 
between X(r; w), C(r; w), I(t; w) and 7(z; w) do not change by redefinition of X(t; w). 

Let us assume that the unperturbed initial and the final states have degeneracy whose: 
substates are designated by the quantum numbers mm and my, and that the interaction 
causes transition only between these degenerate substates. We shall further assume that 
the breadth of the spectral line is smaller than kT/h. Then we can write 


Xiy-t.n(t; w) = exp (— (EY, Eg ME%, Es, 


Sabie), ps (ims exp] -(8 +57) in| imi, \cimd pif ms) 


mam y 
x @ ms exp (3m) fms \y my |\p\imi) , (6.1) 
We introduce a projection operator 
Pula => Pim (x)Oin (X) 5 (6.2) 
and a time developing operator exp (<,|,uwar)’ defined by 


Sis (,\,vwar)'A =exp-( ¥ |‘vwat)a aoe (=,|,7war) 6.3) 
0 0 0 


U'(t)=exp [—1t( Airy + Tx,x,)/A]U exp [it( Aen. + Tr,x)/Al , 
and a notation 


ps | Plax! pPinla’ x Vda 3 (6.4) 
Then Eq. (6.1) becomes 
il F 
Xe -1,49(T} We Oe (—BEZ;)—exp (—BE2,))e!ut/(Ee,—E 2.) 


x Tr{exp (—8 Aey,) XD Ar éngDat) aru) I (6.5) 
0 
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If we define a g operator; 


g(bq)=exp (=); Urata) (6.6) 
and an / operator 
; B 
f(pq)=exp.|' U,,( ibaa, 6.7) 
0 


for each pair of particles, we can expand Xx,k(t; W) as follows. 


CH ACE w) = (exp ( BE x,)—exp (—BEX,) eu" /(Ee,—Eg,) 


oir: [exp (— BAe, 41,%.+ Treysi.m)4) + 2 F (bg) + & Bbq) 


2 ay (FDO F (BT ))o+ (ggg (b'9’))o 


(pq) #(p 


+E, 3B Sodeo'a)+--\ mens |, (6.8) 


where ( )o means that in each product the order of the U’(t) is to be arranged as determined 
in the ordered exponentials. For example, 


(gigoA=h-{ |" Uy’ (dt al’ Uy (t)dt + \; Uy (dt Al’ U,'(t)dt 
0 0 0 0 
i |; aes)" dtal U1 (ts)Us’ (ts) + Uo (te) UV (tA 
0 0 


- A\'an\" dta{U1'(t:)Ue' (te) + Ue! (ts)U (te) 4+ (6.9) 


0 


Each term of the expansion (6.8) can be represented by a corresponding diagrams as is in 
the adiabatic potential case. We can readily see that C(z; w) corresponds to the connected 
diagrams, which is the extension of the Montroll-Ward expansion‘ to the case when the 
internal degrees of freedom are taken into account. 

On the other hand, Jc; w) and 7(r; w) cannot be represented by irreducible diagrams, 
since in the definition of them, products of trace of operators are included, and in general 
they are not equal to the trace of the products. 

Application of the formulae we have obtained will be shown in the forthcoming paper. 


§7. Discussions 

As the higher order terms of ¢ function become important for the long-range interaction 
between an absorber and a perturber, and also for large interaction between perturbing 
particles, the cluster expansion method is expected to be useful for the systematic treatment 
of the Stark broadening problem in the ionic gases. Recently Lewis has evaluated the effect 
of the high velocity electrons without completed-collision assumption introducing interactions 
between the perturbers by the pair correlation function*’. The application of our theory to 
this problem is being planned. 

Here it is mentioned about the relation between the Jablonski theory*® and the present 
method. Jablonski has obtained, for the probability distribution of the translational energy 


change es (Ei’—E:) of N’ perturbers, 
1=1 


|Pundx Z [aces Sali TPT oat es Jex, (7.1) 
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where the first term of the right-hand integral represents the probability for no translational | 
energy change in the system, and the term for m=1 gives the probability of a binary 
collision, and so on, and ‘ 


c=| W(X)dX. 


(7.1) is essentially the Fourier transform of the expansion of Eq. (3.19) for 6=0. Jablonski 
did not use the relation, however, and he has restricted his calculation only to the binary 
collision term W(X). What he has actually done is, putting the spectral intensity as 


Ho)= 3 |$,)br0j(r)ar ‘a( Lter oes wo) (7.2) 


where $iv,(7) and ¢yv,(7) are the solutions of Eq. (4.1b) for two-body interaction, to evaluate © 
the overlapping integral with WKB approximation and with many other simplifications. He | 
has obtained the result which is essentially the same as the Kuhn-London statistical theory™). | 
The spectrum shows an infinite relative intensity at the line center and the cause of which | 
has been attributed to the approximations used to avoid the mathematical difficulties. We 
shall show that it is the definition of J(w), Eq. (7.2), which causes the divergence of intensity 
at the center. 

If we evaluate the Fourier transform of the right hand of Eq. (7.2), we obtain, as the re- 
laxation function of the spectrum, 
a t 
exp ae 07 — Ein, )e*w? 


o(s)= & | |S.) bredrhdr 


= elewt Tr @{exp( bs s aT Va Jexp( + AT TV) ) (7.3) 


This is proportional to the quantity Xo.(r) if we use the Born-Oppenheimer adiabatic approxi- 
mation with the Condon approximation. As we can see from the argument in the former 
sections, Xo:(c) does not represent the proper effect of the binary collisions. Xo:(c) gives the 
probability distribution of the perturbing energy in two-particle system while in the Kuhn- 
London theory the same distribution was evaluated by the statistical method. In both cases, 
there is an infinite probability of two particles being separated out of the force range. No 
wonder that the both method give the infinite intensity at the line center. 

Finally the criteria (5.16) and (5.18) are examined for a inverse power potential. If the 
adiabatic potential can be written as 


Y= 
4V=4C/r* 
the criterion (5.16) for validity of the statistical approximation becomes 
hur*/|AC|<1 . (7.4) 


This holds for small 7 if d>1, namely, when the density 9 is large, as the average distance 
between two particles is smaller for larger p. However for large o, the left hand of Eq. 
(5.18) becomes large and the importance of higher order collisions increases. If we put 


Ved cats 
Eqs. (7.4) and (5.18) can be written as 
(hu/|4C|)/\@-<p , (7.5) 
(BBC), G4) <o (7.6) 
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In a case for which Eq. (7.5) holds but Eq. (7.6) does not, the statistical approximation is 
valid but the higher order collisions have to be taken into account. 
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Appendix 

In this appendix, the inverse relation of (4.24) is derived in terms of the irreducible integral 
Bs te3 

(1) First we assume that Ix,x, has the form of Eq. (5.10), that is, 7” kjk, 1S the integral of 
a sum of products of f and g functions, where the sum goes over all products for which 
kit+k:z particles are connected into one cluster by /’s and g’s. If a cluster is reducible, the 
product for this cluster splits into a product of ordinary irreducible integrals Bj,5.’8 and 
a special irreducible integral pee which depends on ¢. Our first problem is to find how 
many times a given product of B;,;,’s and isi occurs in the integrand of J’:,x,. We thus 
have equations which represent I"x,x, of Eq. (5.10) in terms of B and 7. 

(2) Next problem is to insert the relations obtained above into the double sum 

= LPx,x,2:*1z2*2 and to show that this is equal to Zi Vvtvght"102"2. According to the de- 


kythko>1 Vy FV¥—Q= 

finition of 7»,», of Eq. (4.23), on is equal to 7»,»,. Thus we can see that: (a) In the sta- 
tistical theory, 7v,», is a sum of products of /’s and g’s for irreducible clusters comprising 
of the 0-th point and »:+»2 field points, and (b) the expressions of J/:,x, obtained in (1) are 
the inverse relations of Eq. (4.42) for general 7v,». 

For the first problem we do not count the number of a given type of product in Ix,., 
directly, but we make use of Eqs. (3.12)-(3.14) which give the relation between cluster 
integral 6 and irreducible integrals B. If we regard ryK,, as one special type of Bj,;,, these 
equations can be readily used to represent the cluster integral /’x,:, in{terms of Bj,;,’s and 
Tvive 

Trreducible integrals which appear in Eq. (3.12) are grouped into two classes, one of which 
is multiplied by a factor Nk with suffix 1, and the other with suffix 2. When »: is positive, 
we classify Ix,x, to the first class, and > jem; in Eq. (3.12) (we replace k in Eq. (3.12)-(8.14) 
by j) becomes 5) j271;+»2. We denote the resultant sum for positive v1 by (":,x,)1 which is 
expressed as follows: 


(v1/C1)¥1(v2/Ce)¥2Re2Rea(L veg t 
= 5, (ez J2M15 +2) R17 v5 I] (Ri j1B3)"15(Rej2By;)"25/M15! N25! (A. 1) 
Jj 
for ki>0 and ke>0. The summation is to be carried out under the condition, 
> (ji Os) + (ji —O12) =Ri— 4 , 
wi wo: 
p= 192 as SO eas 2 0) Nite S2. 


The rest of Jx,x,, for which »v=0, is denoted by (/°x,x,)n. In this case, we classify Yo», to 
the second class and interchange the first and the second classes. The result is 


(v1/C1)"1(v2/C2)*2k ke? (Let) 11 
=> OS fina t+vi)Reve7 ov, I (Ri j1.B;)"15(R2j2B5)"25/115! 1025! (A. 2) 


and the summation being subject to the condition 
DS (A—Dmjt Dd fitaj=hr , 
DS jomyj+> (j2—1)m2j3=h2—v2 , ve >0, Jitje=2 F 
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For ki>0 and k2=0, we obtain from (3.13), | 
Ri(vi[C1"1D'eio= > iF v,0 LI (Rif Byo)”4/n5 , (A. 3) | 
with conditions for summation, 
SCADA hw, aS ee 
and for ki=0 and k2>0, from (3.14), se 
he(v2/C2)*2I ony = Ds Y2T ov, LI (hej Bos)” i/n5! , (A. 4) 


with conditions 


SG-Dayj=hk—-v, w>0, jo2. 


x 


(A. 1) to (A. 4) are the answer to the first problem. 
For the second problem, we introduce a function 


Gww, Bi Byw1) 1w2?2 > (A. 5) 
and its derivatives 
Gi=0G(w, B)/dwi 5 Gij=0°G(w, B)/dw.10w2 : (Gey 6) 
Then we can write /':,x, in integral representation. Noting that 
Dd fomijtv2=khe—-Dd (f2—-1)m2; , 
we obtan 


(v1/E1)¥1(v2/E2)"2ki(L xixe)r 


ky keg a (1—w2G22) exp (kiG1) 
=, eat anise f Wrei-Vittyyoko—v2 ee Soest’ 


where the contour of integration is taken within the domain of regularity of the integraned 
so as to enclose the origin wi=w2=0. 
Let us consider a double infinite series 


Sia SS kiP eye ei « (A. 8) 
= 1 


If z: and z: are sufficiently small so that the summation converges everywhere on the contour 
of the integration of (A. 7), we can insert the integral representation of I’ into (A. 8) and 


interchange the order of summation and integration. It can be transformed into the following 
form; ; 


ROS i (1—w2Ge22)(A1 €%1)1(A2 E22) ¥2 
Si 
1 2, Poa (2ni)? $ Gist e%1)(we—Ae e%2) dwidwe 


(1—w2Ge2)(A1 e%1)”1 
(wi—A1 e%1)We 


— & varro(2niy* $ dwidwe , (A. 9) 
y= 
where 
A=C121/01 5 A2=C222/Ve2 ° 


By a similar procedure, we obtain the following expressions for double infinite series Soe 
Ss; and Se 


S2= dD Roxy) 121"tZ2%2 
ky=1 ky=1 
=> 
Vo= 


Teron(2xiy* h o (1—wiGu)(A2 e%2)? ( iL a \doosd (A. 10) 
ih 


W2—2: €%2 Wi—A, e%1 
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S= s Ail, oz 1 


ky=1 


G 
a = pe uioae o(2z7)- bee = 1) a dwidwz: > GAS 11) 


1—A; e%1)we 


= > PP ox,z2!? 


kg=1 


= 05 nC zm) Up ees eet es (A. 12) 


W1(W2—2”2 €%2) 


By adding (A. 9) and (A. 11), 


Sit Ss= SS vip, (Qri- az) ga- tweGe\ e80 (Ay e%2)”2 


Viet! vg=0 
X (wi—A1 €91)-"(w2 — Az €%2) dwidur . (A. 13) 


By Cauchy’s integral formula, this integral is a residue at a pole, whose position (w:, we) is: 
determined by 


wi=A: exp Gi(w, B) , W2=22 exp G2(w, B) . 


These are the same equations as (3.10) and (3.11) which give the relation between fugacity 


z and number density oe, therefore at this pole we can replace w: and we by o: and gz. Then 
Eq. (A. 13) becomes 


Si+S3= - > Vif vyy(1— 02G22(0, B))o1"102”2/D(e) 5 
ils vg=0 
where 
D(p)=1—aGule, B))1—p2G22(p, B))—p102(Gi2(e, 5) ae 


In the same way, we obtain 


S2+S4= > VeFov,(l—piGul(p, B))02%2/D(p) (A. 15) 
1 


Vo= 


The double sum 
Se) kd keh, Ieee ee ooze 
ky=1 ky=1 a ky=1 


can be evaluated by integrating (A. 14) over z:=0 to z keeping z: equal to a certain con- 
stant, that is, 


T=\"da(Si+ Ss) , (Z2=const.) . (A. 16) 
0 


If we put z=const. in Eqs. (3.10) and (3.11), we get 


dz:/z1=do1D(e)/ 011. —e2G22) - (A. 17) 
By inserting (A. 14) and (A. 17) into (A. 16), 
N= > Ds 1 yyvq1"102"2 (A. 18) 
wy=1 vo=0 


In the same way, the second double sum 7» is defined by 


, 
kg=1 


Vo a, Eee, zi tze*e S Tong¥2 
ky=1 kg=1 
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cand 
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is written as 


Ihe |/*des(Se+So/2 ’ 
0 


= Di Fov,2”2 , 


vg=1 


~where we used the relation 
d22/z2=dp2D()/e2(1—p1Gi) ’ 
Finally we obtain from Eqs. (A. 18) and (A. 19), 


14+T2= 


Vyt+ve 


‘This is the answer to the second problem. 


1) 
2) 


3) 


4) 


10) 
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Pressure Effect of Cavitation on Photographic Emulsion* 
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The nature of the dislocations in photographic emulsion grains is 
discussed with regard to the tilt boundaries which were generated by 
the pressure gradient produced by the contraction of cavitation in ultra- 
sonic field. On the mechanism of the latent fog formation by the pres- 
sure effect, some remarks are given on the standpoint of the Mitchell 


theory of development. 


Introduction 


§1. 

It is known that when the pressure is given 
on a photographic emulsion grain with com- 
plete absence of light, there is found the 
blackening of the grain by development.!» » 
Many experimenters®” *) have reported on the 
photographic effect produced by high intensity 
ultrasonic waves in liquids and opinions have 
been made concerning the origin of the phe- 
nomenon. But there is no complete agree- 
ment. 

From the observation of traces of cavita- 
tions moved on the surface of the photo- 
graphic plate which was dipped in the de- 
veloper of ultrasonic field, it was speculated 
that the photographic pressure effect must be 
concerned with plastic deformation of emul- 
sion grains caused by the pressure gradient 
generated in the neighbourhood of the cavity. 

On the mechanism of latent fog formation 
by the plastic deformation of the grain, the 
dislocations of the silver bromide crystals re- 
vealed by physical development after expo- 
sure, were observed by an electron micro- 
scope. 

The purpose of this article is to report on 
the feature of dislocations observed in the 
micro silver bromide crystals of the practical 
photographic emulsion grains which received 
plastic deformation as well as on the mecha- 
nism of formation of latent fog specks by pres- 
sure. 


§2. The Blackening by Cavitation 
In order to investigate the photographic 
pressure effect of cavitation, a photographic 
plate ‘‘ Process’? was dipped vertically in 
* A part of the following results have been out- 


lined at the International Colloquium of Scientific 
Photography held at Liége on September 14-19, 1959. 


developer (SDP-1) which was contained im 
cylindrical transducer of barium titanate (508 
kc). After the irradiation of ultrasound (1 
min), the plate was fixed and then the black. 
spot generated on the plate was observed’ 
under an optical microscope. Photo. 1. is the- 
photograph thus obtained. From the photo-. 
graph the following observations were made.. 

(a) The black spot has a tail of double: 
consecutive lines which are almost parallel to 
the resultant direction of the vibration of. 
ultrasound and buoyancy. 

(b) The gap between the double lines is. 
10-204 and in the domain between them there. 
has never been found any blackening. 

(c) The projected length of the double: 
lines to the direction of the propagation of 
the ultrasonic wave is always shorter than 
the distance between loop and node of the 
standing wave. 

L. Rayleigh®) calculated the pressure de-- 
veloped by the collapse of spherical bubble, 
neglecting compressibility and viscosity of 
liquid. From the same consideration, Fig. 1. 
was obtained as the distribution of pressure 
around the cavity during its contractions when 
it is repeating contraction and expansion ac- 
cording to the frequency of vibratian without 
collapse®’. It shows that the pressure gradient 
is maximum in the distance of 5-l0yu from 
the center of the cavity and the pressure 
changes in the range 1 atm. to 23 atm.. 

When the cavity which was generated on 
the photographic plate moves on the surface 
of the emulsion grains, the pressure must be 
given to the emulsion, and the direction of 
the motion must be the one which is the re- 
sultant of buoyancy and the vibration. 

The pressure gradient which would be given 
to the emulsion would always be the same 
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sign of direction on the enevlope of the traces 
of the motion of the cavity, while the sign 
of the direction of the pressure gradient would 
change in the region between the lines of 
envelope when the cavity passes the region. 
If the gelatin is already softened in water or 
in developer, the pressure can’ develop into 
the interior of the film. Each emulsion grain 
in the film which happened to be on the lines 
of envelope of the trace must always receive 
the pressure gradient of the same direction 
when the cavity passes the crystal. So the 
pressure gradient would give a bending mo- 
ment, the axis of which would be perpen- 
dicular to the surface of the crystal. More- 
over, if the sign of the pressure gradient is 
always the same on a crystal, the periodic 
change of the pressure would easily give the 
bending deformation to the crystal. 

On the other hand, the crystals which were 
located between the lines of envelope of traces 
would receive different signs of pressure gra- 
-dient. So the crystal would be difficult to be 
deformed because of the change of direction 
of bending moment as the cavity moves on 
the crystal. 

That is the reason why there is found no 
blackening between the double lines. If any 
thermal effect of pressure or effect of light 
which might be emitted on the cavitation is 
-concerned at all, the blackening between the 
-double lines must be observed. 

From the above consideration it is natural 
to speculate that the double lines of the black 
spot of Photo. 1. are the traces of cavity on 
the photographic emulsions and the blacken- 
ing is the result of the latent fog specks 
produced by the bending deformation of the 
emulsion crystals owing to the pressure 
gradient of the surrounding medium of the 
Cavity. 

§3. Tilt Boundaries in Silver Bromide Crys- 
tal 


The silver bromide crystals contained in 
photographic emulsion are ranged in magni- 
tude of 1-10u and their shapes are apt to be 
a tabular triangle or hexagon covered with 
{111} planes. In acrystal with face-centered 
cubic lattice, with no permitted stacking faults 
such as silver bromide, the elementary dislo- 
cations have Burgers vector along <110>.” 
As a reason that in rock salt type such as 
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silver bromide the slip direction is not along 
<100> where the atoms are most closely |) 
packed, but along <110>, the greatness of |) 
Peierls’ force arising from anion closed shell | 
repulsion in ionic crystal is reported.®»® 
Owing to the smallness of the ion radius of 
Ag Br (1.26 A) compared to that of (1.95 A), 
the silver ion is-.apt to change its position 
into interstitial when the pressure is given to 
the crystal. So it is considered that the re- 
pelling force between bromine ion cores would 
be most effective. In this connection it should 


be mentioned that the slip direction in silver | 
bromide crystal easily tends to <110> along 


which bromine ions are most packed. The | : 
Peierls’ force o of silver bromide is calculated |) 
from the formula,” 


jan ep (amen | 
l—v b(1—v) 

in which yp, v, a, b, denote rigidity modulus 

(0.073 x 1012. dyn/cm?), Poisson’s ratio (0.37), 

interval of slip atomic planes and the Burgers 

vector respectively. If we regard only bro- 

mine ions, @ must be equal to J, and thus as 

the critical shear stress to move the disloca- 
tion we can estimate about 10 atm.. 

From Fig. 1. it is found that the pressure 


C1 


Ol 
ie) 
T 


(atm.) 


ine) 
oO 


Pm= 23atm.ir=lOw 


~ 
{e) 


Pressure developed 
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5- 
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Fig. 1. Pressure » developed in water by con- 
traction of cavity from radius Ro to R (denoting 
z=R,/R*) is plotted against the distance r 
from the cntre of cavity by equation at 

S p—-Q 
= Rt 
Paar (2-4) Bri (g—1) under the condition 


that P (the hydrostatic pressure at infinity) is 
5 atm., Q (the internal pressure of cavity) is 1 
atm. and z is equal to 33. The range of distance 
vr, where the pressure is over 10 atm., is from 
7m to 30u. The maximum pressure is 23 atm. 
at the distance r=10y. 
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Photo. 1. Photomicrograph of the pace 


: ; The consecu- 
tive lines represent the traces of cavitation 
moved on the surface of photographic emulsion 
of single grain layer. 
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Photo. 2. Electron micrographs of the tilt bounda- 
ries in a silver bromide crystal which was 
exposed to light after irradiation by the same 
ultrasonics with Photo. 1., but in water and 
treated with physical development: 

(a) in the directions of <112>, 

(b) in the directions of <112>, but curved 
owing to the migration, 

(c) in the direction of <110>. 


distribution in the surrounding vicinity of the 
contracting cavity without collapse is in the 
order of 10-20 atm.. So it is considered that 
the plastic deformation of the silver bromide 
micro crystal of the photographic emulsion is 
produced when the crystal is located in the 
region of the above order of pressure which 
is generated periodically as the cavity con- 
tracts. When a torque is exerted by the 
pressure gradient the plastic deformation will 
tend to have tilt boundaries. 

Frank’s equilibrium condition” of disloca- 
tion net is given by 


GPx Doma Oz, @2») 


2, 
where the vector r represents the straight 
line connecting any two points a sufficient 
distance apart in the surface which contains 
the net; d is the sum of the Burgers vectors 
of all the dislocation lines crossed by any line 
in that surface which connects the two points; 
and the difference in orientation of the crystal 
regions on either side of the net (which are 
free from strain except in its immediate 
proximity) corresponds to a rotation by an 
« about an axis represented by the unit vector 
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I. 

From (2) there could be produced the fol- 
lowing two kinds (A), (B) of tilt boundary 
on the surface of {111} of silver bromide 


CLystal, Ottis) 
(A) If the dislocation net plane becomes 


perpendicular to the (111) plane rotating 
around the axis [112] the dislocation lines 
which have [110] as direction of Burgers 
vector, arrange in the plane (110) normal to 
the surface of the crystal (111), and the 
ends of edge dislocation lines arrange in a 
line [112]. 

(B) When the dislocation net plane be- 
comes perpendicular to the (111) plane rotat- 
ing around the axis [110], there would be 
generated a tilt boundary of the dislocation 
lines which have [112] as Burgers vector. 

Fig. 2. shows these tilt boundaries appear- 


(b) 
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Photo. 3. Electron micrographs of the tilt bounda- 
ries in a silver bromide crystal which was ex- 
posed to light after the plastic deformation was 
given by dropping a steel ball, and treated with 
physical development: 

(a) in the direction of <112>, but displaced 
owing to the migration, 

(b) treated internally with physical develop- 
ment, reveals the edge dislocation wall of 
<112>. 

(c) treated similarly to (b), reveals the edge 
dislocation wall of <110>. 


Fig. 2. The tilt boundaries appearing on the 
surface of {111} of silver bromide crystal. 


ing on the surface of {111} of silver bromide 
crystal. Ina tilt boundary the elastic strained 
region along the dislocation wall extends only 
in the order of interval of dislocations.‘ 
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34. Electron Micrographic Observation 


The distributions of latent image in plasti- 
‘cally deformed photographic emulsion grains 
were observed as follows. 

The photographic emulsion grains of pure 
silver bromide with active gelatin were coated 
in a single grain layer on a triacetate film 
base. After the treatments described below 
(D, UD, dID, the base was removed in a 
solvent, methylene chloride, and the gelatin 
layer was mounted on the seat mesh and the 
grain-shaped thin part in the gelatin layer 
decorated with silver specks was observed 
under an electron microscope. 

(I) The film base covered with the photo- 
graphic emulsion grains was dipped in water 
which was contained in cylindrical transducer 
of barium titanate (508kc, 1.2 W/cm?). After 
the irradiation of ultrasound, the film with 
grains was exposed to light and physically 
-developed and then fixed. 

(II) The impulsive force was given to the 
‘film base by dropping a steel ball. Then after 
exposure to light it was treated with physica 
‘developer and fixed. 

(II) The impulsive force was given to the 
film base similarly to (II). But after exposure 
to light, it was bleached with potassium 
‘dichromate before the physical development 
in order to develop internally. 

Photo. 2 (a), (b), (c) are the electron micro- 
‘graphs obtained by the treatment (I). Photo. 3 
(a) and (b), (c) are the electron micrographs 
obtained by the treatment (II) and (III) re- 
spectively. Photo. 2 (a), (b) and Photo. 3 
(a), (b) indicate tilt boundaries in <112>, 
while Photo. 2 (c) and Photo. 3 (c) represent 
these boundaries in <110>. The curvature 
-and displacement of the lines of silver specks 
in Photo. 2(b) and Photo. 3 (a) show the migra- 
tion of the tilt boundaries. In Photo. 2 (a), 
(b), (c) and Photo. 3 (a) the intervals of silver 
specks in a row which indicates the ends of 
edge dislocation lines in a tilt boundary are 
the order of 1/8, almost half of the width of 
the band where no silver particle is found. 
This shows that the strained region of the 
boundary extends in the order of interval of 
dislocations. This fact more confirms that the 
boundary is a tilt boundary from the feature 
described in § 3. 

If the crystal receives plastic deformation 
by the bending moment owing to the pres- 


Pressure Effect of Cavitation on Photographic Emulsion 


2427 


sure gradient, the dislocation lines would 
move to build up a dislocation wall construct- 
ing a tilt boundary, and the impurities or 
interstitial silver ions which are contained 
in the strained region would segregate to the 
dislocation wall where the lattice is expanded. 

From the equation (2) the tilted angle a 
between the adjacent parts of the crystal is 
given by 


a=2sin—(b/2h). (3) 


In silver bromide crystals, for slip in {110} 


the Burgers vector is given by b=a/vV 2 
(a=5.77 A), and assuming that h=1/8u, we 
obtain from (3) that the @ is 1° approximate- 
ly. This coincides with the value observed 
in a large single crystal by Hedges and 
Mitchell.” Similarly to the results of J. F. 
Hamilton et al.!») obtained by etching studies 
on photographic grains, it was shown that 
when the grains are subject to a bending 
deformation, the tilt boundaries are increased. 
When the grains contain impurities such as 
iodide or sulphur atoms as in the case of the 
grains of commercial photographic emulsions, 
the substructures must be enhanced!® and 
the sensitivity depends much upon the nature 
of the internal surfaces of the boundaries.” 
If the grain has a tilt boundary already at 
the crystal growth, the migration of it will 
be produced by a bending deformation.!*)» 1» 
The migration of a tilt boundary will promote 
the precipitation of interstitial silver ions. 


§ 5. 


There are many evidences? * 4) 18) that 
when dynamic pressure such as produced by 
ultrasonics or by falling steel ball is given to 
the photographic emulsion grains, the latent 
fog specks are formed. 

On the mechanism of the latent fog forma- 
tion by pressure the following experimental 
results should be summarized. 

(1) The blackening by cavitation in de- 
veloper is obtained always after the gelatin 
which contains emulsion grains has been 
softened by the developer. This indicates 
that the pressure generated by the contrac- 
tion of cavitation should be given to the 
grains hydrostatically. 

(2) The blackening is observed only on the 
envelopes of the cavity which moves on the 
emulsions coated in a single grain layer. 
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This means that the microcrystals which hap- 
pen to be situated on the envelopes and 
receive pressure gradient periodically in the 
same direction as the cavity moves are 
blackened. 

(3) The pressure generated in the neigh- 
bourhood of contracting cavity has the magni- 
tude of the order which is sufficient to pro- 
duce critical shear stress to move the disloca- 
tion in silver bromide crystal. 

(4) The electron micrographic observation 
of photographic emulsion grains which receiv- 
ed pressure gradient periodically or impulsive- 
ly shows that there are often found tilt 
boundaries. 

(5) The photographic emulsion grain which 
is irradiated with ultrasound in water shows 
remarkably reduced blackening after develop- 
ment compared to the blackening obtained in 
developer. 

(6) It is known that the pressure effect 
on a photographic emulsion grain can be re- 
vealed by different treatments for develop- 
ment.”) The revelation depend upon the fact 
that when the pressure is applied to the 
emulsion grains, the pressure track is black- 
ened by normal development and when there 
is an exposure to light after the pressure, the 
track becomes of low density by surface de- 
velopment and of high density by internal 
development. The pressure effect of the 
ultrasound was comfirmed by the method de- 
scribed above.’ 

(7) It is also known that the chemically 
active species (OH, O, H, H:O:, etc.) are pro- 
duced by the cavitation in water.19)»20 

Considering the above experimental results 
and investigations one would expect the fol- 
lowing phenomena are concerned on the 
mechanism of latent fog formation. 

(A) When the photographic emulsion grain 
receives a deformation by pressure of cavita- 
tion, tilt boundaries are produced. If the 
grain had the tilt boundaries already at the 
crystal growth, the migration of them would 
occur owing to the fact that the necessary 
shearing stress for the migration is equal 
order of magnitude to that of the Peierls’ 
force.?» 

(B) In an ionic crystal of the silver bro- 
mide type, the edge dislocation is formed by 
the insertion of two extra _half-planes.2”) 
Beyond the edges of these half-planes there 
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is an expansion of the lattice. The stress in 
that region is relieved by the displacement 
of interstitial silver ions or vacancies, both of 
which have a positive volume change associ- 
ated with them. This leads to a lower acti- 
vation energy for the segregation of the 
interstitial silver ions. W.G. Johnston’ in- 
dicated experimentally that the activation 
energy for ionic conductivity in the disordered 
regions of silver bromide is less than 0.198 
eV in place of 0.789 eV for that of the intrin- 
sic conductivity. If the tilt boundary migrates 
or receives the periodic pressure of cavita- 
tion, the precipitation of the interstitial silver 
ions at the edge dislocation wall will be much 
promoted. It is clear that inspite of the 
higher mobility for interstitial silver ions in 
the direction of the dislocation line, the coales- 
cence of the silver ions would be fairly 
prohibited owing to the positive charge of 
them. 

(C) As to the electronic conductivity, con- 
duction along the dislocation line would also 
be easier than perpendicular to it owing to 
the scattering due to the cylindrical space 
charge which would affect the flow of elec- 
trons along the dislocation much less than 
the normal flow. If there were any reducing 
substances in adjacent to the ends of the 
edge dislocation lines at the surface of the 
crystal, they would transfer electrons along 
the dislocation lines to the segregated silver 
ions. By the neutralization of the positive 
charges of the silver ions the coalescence of 
them will be accelerated. Then a group of 
four silver atoms or more will be formed at 
the end of edge dislocation in the space 
generated by the escape of the bromine ions. 
~™(D) According to the Mitchell theory of 
development,”*®) the stable latent image speck 


of minimum size consists of a four silver | 


atoms. So it is considered that the develop- 
able specks of silver atoms would be formed 
without photoelectron, if there were any sub- 
stances which can transfer electrons. 
the photographic effects of ultrasonics in water, 


the generation of active substances by the | 


cavitation has important meanings not only 


because of the supply of electrons, but also | 


higher concentration of the substances near 


the cavity which gives the deformation to the | 


crystal. In developer, owing to the great 
abundance of the reducing molecules, electrons 


As to | 


| 
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will be easily supplied and still more the 
ordinary development is continuously followed 
after the formation of developable specks are 
attained. That is a reason why the blackening 
is remarkable in developer, compared to that 
in water. 

(E) Electrostatic neutrality is maintained 
by the passage of bromine ions into the solu- 

tion or into the gelatin. 


$6. Conclusion 


The latent fog specks are developable specks 
formed without photon. On the formation of 
the latent fog specks, there would be many 
causes according to the circumstances of the 
treatment of the photographic emulsion grains. 
When the pressure effect of cavitation is 
concerned at all, the tilt boundaries play 
important roles for the formation. The 
aggregation of silver atoms to the developable 
size is attained without photoelectron in the 
presence of the materials which can transfer 
electrons to the silver ions for the cancella- 
tion of the positive charge. By the escape 
of the halide ions, the space necessary for 
the aggregation of silver atoms of developable 
speck is built as well as the electrostatic 
neutrality of the grain is maintained. 
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Ionization energies and electron trap depths in cadmium sulphide single 
crystals heat-treated in vacuum or in oxygen were obtained by measuring 
the dark conductivity as a function of the temperature and the thermal- 
ly stimulated current, respectively. It was found that, in the case of 
crystals heat-treated in vacuum, the ionization energies were 0.04 eV, 
0.7 eV, 1.0eV and 1.4eV, and the major electron trap depth was 0.50 eV 
below the conduction band, and the dark conductivities and the concent- 
rations of the electron traps were reduced as the crystals were heat- 
treated in oxygen. And when the crystals were heat-treated in vacuum 
or in oxygen, it was found that the sensitivity of photocurrent at about 


600 my was increased. 


Introduction 


§ 1. 

The effects of oxygen upon cadmium sul- 
phide (CdS) single crystals have been investi- 
gated recently by some workers by observing 
photoconductivity, dark conductivity and res- 
ponse time of photocurrent. Muscheid! sup- 
posed, by the fact that the dark conductivity 
of CdS single crystal heat-treated in vacuum 
decreases by exposing to air at room tempera- 
ture, that the sulphur vacancies in CdS single 
crystals are apt to be occupied by oxygen 
atoms. Seraphin?) reported that CdS single 
crystals heat-treated in vacuum have large 
rise and decay time of photocurrent, while 
those heat-treated in oxygen have small rise 
and decay time, and so he supported the 
consideration proposed by Muscheid. Also 
Berger et al*)., and Liebson*) reported that 
the photocurrent of CdS single crystal de- 
creases with increasing pressure of oxygen. 
No evidence has been reported such that CdS 
single crystal contains CdO by heat-treatment 
in oxygen, but as previously reported by the 
author,*) the CdS sintered films heat-treated 
in oxygen at 400~650°C contain some CdO 
and their dark conductivities show minima 
for the heat-treatment at 500~600°C. 

In order to investigate the effects of oxygen, 
we have measured the dark conductivity, the 
thermally stimulated current as well as the 
spectral sensitivity of photocurrent for CdS 
single crystals non-treated and those heat- 
treated in vacuum of in oxygen. First, the 
effects of oxygen at high temperatures were 


studied by measuring the variation of dark 
conductivity, and next, trap depths were 
measured at low temperatures. The purpose 
of the present paper is to study the influences 
of heat-treatment and the effects of oxygen 
upon CdS single crystals at the temperature 
range from room temperature to 600°C. When 
CdS single crystal was heat-treated in oxygen 
above 500°C, some CdO was found on the 
surface. Therefore it was examined whether 
the photoconductivity of CdS crystal was 
affected by the presence of CdO on its surface. 


§2. Preparation of Specimens 


CdS single crystals were obtained by sub- 
limation of CdS powder in a flow of argon 
gas. The purity of CdS powder which was 
purified chemically, was found by chemical 
analysis to be 99.99% or more, and by spec- 
troscopic analysis it was found that there 
were traces of Mg, Si and Zn. CdS powder 
of amount of 100g was put in a quartz boat 
and inserted into a quartz tube in an electric 
furnace. In the quartz tube argon gas was 
flowing through pyrogallol, drying agent and 
liquid nitrogen. CdS powder was sublimated 
for 8~20 hours at 1050+5°C and CdS single 
crystals were grown at a part near the edge 
of the quartz tube (about 950°C). The average 
size of the crystals produced was 6x3 
0.05 mm, the largest ones reaching a size of 
12x10x0.l1mm. The dark conductivities of 
these crystals were 1X<10-!° Q-!cm-! or less, 
and the spectroscopic analysis revealed no 
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‘impurity of metal in these crystals. Argon 
gas mixed with 2% of hydrogen gas was also 
mised as carrier gas. Crystals used in the 
following experiments were mainly obtained 
-by sublimation in a flow of argon gas. 
Electrodes of CdS single crystal were formed 
«by evaporation of indium in vacuum. But 
when the measurements were performed at 
‘high temperatures, gold was used as the 
«electrode material, because indium melted at 
154°C. Gold electrodes were formed by eva- 
yporation on the surface of the crystal bom- 


(A) 


40-8 -6 4 -2 


2s, By 810 
(Vv) 


Light intensity 
IOLX. 


“Fig. 1. J-V characteristics of CdS crystals with 
In electrodes or Au electrodes. 


‘barded by electron beam accelerated by D. C. 
-A00Zvolts.*.” The property of contact between 
indium and CdS crystal was ohmic in all 
‘range of applied voltage, but the contact be- 
‘tween gold and CdS was non-ohmic below 4 
volts and ohmic above 4 volts. J-V charac- 
teristics of CdS crystals having indium or gold 
«electrodes are shown in Fig. 1. 


CdS crystal 


Pt, Pt-Rh 


(A) 


To vacuum 
or inlet oxygen 


Fig. 2. Schematic diagram of apparatuses used for heat-treatment in vacuum or in oxygen; 


Used at 400~800°C. (B) Used below 400°C. 


Influences of Heat-treatment upon CdS Single Crystals 


Pf wire 


Quarty plate 


thermocuple 


2431 


§ 3. Experimental Apparatus 

The apparatuses used for heat-treatment in 
vacuum or in oxygen are shown in Fig. 2. 
The apparatus shown in Fig. 2 (A) was used 
for heat-treatment of CdS crystals at 400~ 
800°C in vacuum or in oxygen. CdS crystals 
were heat-treated on a quartz plate placed in 
a quartz tube on which a platinum wire was 
wound. The measurement of the dark con- 
ductivity of crystals could not be extended 
to above 300°C because of the influence of 
visible or infrared radiations from the platinum 
heater. The apparatus shown in Fig. 2 (B) 
was used for measuring the dark conductivity 
of CdS crystals in the range from room tem- 
perature to 400°C. A CdS crystal with gold 
electrodes was placed on the surface of a 
nickel-electroplated' copper block that could 
be heated by a sheathed heater. Platinum 
wires were used as the current leads, and 
the contact between gold electrode and plati- 
num wire was made by silver paste. The 
apparatus in Fig. 2 (A) can be evacuated to 
5x<10->mm Hg at 800°C and the one in Fig. 
2 (B) to 1x10->mm Hg at 400°C. 

The dark conductivity as a function of the 
temperature below room temperature and the 
thermally stimulated current were measured 
by an apparatus shown in Fig. 3. A CdS 
crystal with indium electrodes is set in a 
copper case which is connected to the bottom 
of a stainless steel pipe. A 350 watt heater 
is installed to the bottom of the copper case. 
This stainless steel pipe is put in a double 
vacuum flask and the space A of the interior 
vacuum flask can be evacuated by a vacuum 
pump. A crystal is radiated with exciting 
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light through an optical window at the top 
of the stainless steel pipe. 

In the case of measurement of the dark 
conductivity as a function of the temperature, 
the outside vacuum flask is filled with liquid 
nitrogen, and the CdS crystal is kept at the 
desired temperature by controlling the pres- 
sure in the space A of the interior vacuum 
flask. In the case of measurement of the 
thermally stimulated current, the interior 
vacuum fiask is filled with liquid nitrogen and 
the exterior vacuum flask is emptied. After 
the stainless steel pipe is pulled out from the 
vacuum flask, CdS crystal is heated by the 
heater in the copper case. The dark current 
and the thermally stimulated current are 
measured by a vibrating reed electrometer 
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Fig. 3. Schematic diagram of the apparatus, for 
measuring the dark current and the thermally 
stimulated current in the range of —190~ 
+100°C. 
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Fig. 4. Block diagram of circuits for measuring 
the dark current and the thermally stimulated 
current as a function of temperature. 


| 

and an X-Y recorder. A block diagram of) 
measuring circuits is shown in Fig. 4. 
The spectral sensitivity of photocurrent was 
measured by a Beckman type spectrophoto- 
meter in the range of 400~900my. Lightt) 
source was a 30 watt incandescent lamp. t 
specimen was mounted on a fused quartz) 
| 

t 

q 


plate and then*this plate was put in a hardi 
glass tube in which nitrogen gas was flowing. 

Infrared quenching of photocurrent was 
measured by using both the bias excitationy: 
(from an incandescent lamp passing through)” 
a filter: about 940 my) and the infrared radian 


700~2000 my. 


§4. Variations of Dark Conductivity by Heat. 
treatment 


The conductivity of CdS crystal was varied}- 
strongly by the influence of air or water 
vapour.» And after having put CdS crysta 
in darkness, the dacay of photocurrent wasq- 
kept for several tens of hours. To avoid 
these effects coming into the results of they 
measurement, the dark current was measured 
in the present experiment after the CdS 
crystal have been heated at 80°C for 30 
minutes and kept in darkness for 40 hours 
in vacuum (7<10-'mm Hg). 

4.1 Heat-treatment in vacuum 


Temperature (°C) 
400 300 200 150 |OO 50 [e) 


in o (@'cm-!) 


1.00 2.00 3.00 4.00 
1000 
“T (°K) 


Fig. 5. Variations of the dark conductivity os 
heat-treatment in vacuum. 
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_ The variations of the dark conductivity of 
‘CdS crystal with gold electrodes by heat- 
treatment in vacuum are shown in Fig. 5. 
‘The dark conductivity of CdS crystal increases 
‘with the rise of temperature as shown in 
Fig. 5 (A-B-C). The variation of the dark 
conductivity against the temperature is rever- 
sible below 120°C (between A and B), but 
irreversible above 120°C. When the CdS 
‘crystal is heated at 200°C (C) in vacuum and 
then cooled down to room temperature, the 
dark conductivity does not return to the initial 
value but to point D (A-B->C-—D in Fig. 5). 
‘The dark conductivity of point D is 10! times 
jarger than that of point A. When this 
crystal is heated again in vacuum, the 
variation of the dark conductivity against 
‘the temperature is reversible below 200°C (the 
Tange between D and C), and as the temper- 
ature is raised to above 200°C the dark con- 
ductivity increases along the extraporated 
initial line A B C. And when the crystal 
is heated at 250°C (E) in vacuum and then 
cooled down to room temperature, the dark 
conductivity varies to point F along the line 
EF. Further, the dark conductivity is rever- 
sible below 250°C (the range between E and 
). 


A.2  Heat-treatment in oxygen 

The variations of the dark conductivity of 
‘CdS crystal with gold electrodes by heat- 
treatment in oxygen are shown in Fig. 6; 
the dark conductivity of a crystal heat-treated 
‘in vacuum at 350°C is shown as point A’ at 
room temperature. When oxygen is intro- 
duced into the vacuum chamber at pressure 
of 200mm Hg, the dark conductivity of this 
crystal decreases to point B’. And as the 
crystal is heated after the chamber is eva- 
cuated, the dark conductivity increases to 
point C’ at 80°C, and then it returns to point 
A’ at room temperature. 

The dark conductivity (A) of the crystal 
kept at 350°C in vacuum decreases to point 
passing through point B as shown in Fig. 
6, by introducing oxygen and cooling down 
to room temperature. And it comes to point 
D by heating from room temperature to 80°C 
jin vacuum, and it comes to point E by cooling 
down to room temperature in vacuum. As 
the crystal is again heated in vacuum, the 
dark conductivity increases and returns to 
point A at 350°C. 
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Fig. 6. Variations of the dark conductivity by 
introduced oxygen at room temperature and at 
SOE. 


From the fact described above it may be 
considered that oxygen introduced at room 
temperature is loosely bound at the surface 
layer of CdS crystal, and oxygen introduced 
at 350°C is strongly bound at the surface 
layer. 


§5. Dark Conductivity as a Functions of 
Temperature 


Before the measurement of the dark con- 
ductivity of CdS crystal, the crystal was set 
in the apparatus (shown in Fig. 3) and heated 
at 80°C for 30 minutes in a flow of nitrogen 
gas. The measurement was also carried out 
in flowing nitrogen gas. 

In Fig. 7 are shown typical examples of 
the relation between the dark conductivity 
and 1/74eK) cof [CdS scrystals: curve 3 2A 
crystal (prepared by sublimation in argon gas), 
curve 2; AV-crystal (prepared by sublimation 
in argon gas and then heat-treated in vacuum), 
curve 3; AVO-crystal (prepared by heat-treat- 
ing AV-crystal in oxygen), curve 4; H-crystal 
(prepared by sublimation in argon gas mixed 
with 2% of hydrogen gas). The dark con- 
ductivity values of several crystals prepared 
by the same method were distributed within 
a factor of 10. A peak appeared at about 
50°C in the curve of the dark conductivity 
of A-crystal as shown in Fig. 7 (curve 1). 
On the other hand, when A-crystal was heat- 
treated in vacuum or in oxygen after heat- 
treatment in vacuum, there was no peak at 
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about 50°C (curves 2 and 3 in Fig. 7). Also, 
there was no peak at about 50°C in the case 
of H-crystal (curve 4 in Fig. 7). The dark 
conductivities of AV-crystal, AVO-crystal and 
H-crystal were much larger than that of A- 
crystal. The slopes of dark conductivity 
curves of AVO-crystal and H-crystal were 
approximately equal to those of the AV- 
crystal. 

The high conductivity with the slope of 
0.02 eV produced by heat-treatment in vacuum 
as shown in Figs. 5 and 6 was not observed 
in this experiment as shown in curves 2 and 
3 in Fig. 7. In the experiments described in 
§5, §6 and §7, the crystals were first heat- 
treated in vacuum or in oxygen and several 
days later electrodes were formed by eva- 
porating indium and then measurements were 
carried out. The reasons why the slope of 


Temperature (°C) 


20015010050 O =50 ~100 “125 -50 


: A- crystal 


+ AV-crystal 
+ AVO-crystal 
: H-crystal 
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Fig. 7. Dark conductivity as a function of the 

temperature of the crystal non-treated and heat- 
treated in vacuum or in oxygen. 
Curve 1: A-crystal (prepared by sublimation 
in argon gas). Curve 2: AV-crystal (prepared 
by sublimation in argon gas and then _heat- 
treated at 600°C for 20 minutes in vacuum). 
Curve 3: AVO-crystal (prepared by heat-treat- 
ing at 500°C for 10 minutes AV-crystal in 
oxygen). Curve 4: H-crystal (prepared by 
sublimation in argon gas mixed with 22% of 
hydrogen gas). 
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0.02eV was not observed in this experiment: | 
are not obvious. It may be considered that: 
the donors associated with the slope of 0.02?) 


} 
eV were destroyed by exposing the crystals} 
in air for several days. Although AV- and] 
AVO-crystals have been influenced by expos-- 
ing in air for a long time, the dark conducti--) 
vity of these crystals was higher than that:) 
of A-crystal and the dark conductivity of‘ 
AVO-crystal was lower than that of AV-+) 
crystal as shown in Fig. 7. Consequently, it 
may be considered that there remain consider-- 
able influences of heat-treatment in vacuum) 1 
or in oxygen upon AV- and AVO-crystals. 


§6. Thermally Stimulated Current 


Measurements of the thermally stimulated. 
current were made by using the apparatuss: 
shown in Figs. 3 and 4 in the following; 
manner: a CdS crystals was cooled down to} : 
the liquid nitrogen temperature, and exposed]. 
to white light for 5 minutes. Then it wass) 
heated in dark at a constant heating-rate with 
applied voltage of D. C. 50 volts. The dif-|} 
ference between the current measured in this 
way and the normal dark current at thet: 
corresponding temperature is the thermally 
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Fig. 8. Thermally stimulated current for A- | 
crystal (prepared by sublimation in argon Bee 
and H-crystal (prepared by sublimation in argon | 
gas mixed with 2% of hydrogen gas); heating:| 

rate: 0.7 deg/sec. 
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stimulated current. The ratio of the thermally 
stimulated current and the normal dark cur- 
rent was about 10’ at —100°C, about 10? at 
0°C and 10~1 at room temperature. Therfore, 
above room temperature, thermally stimulated 
current could not be measured accurately. 
Fig. 8 gives the thermally stimulated cur- 
rent for A-crystal and H-crystal. In the case 
of A-crystal, there is a single large peak at 
—177°C, and in the case of H-crystal, there 
are two large peaks at —187°C and —30°C, 
and a shoulder at —155°C. These facts were 
ascertained on several A- and H-crystals. 
Typical examples of the thermally stimu- 
lated currents of AV-crystal and AVO-crystal 
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Fig. 9. Thermally stimulated current of AV- 
crystal (heat-treated at 600°C for 20 minutes 
A-crystal in vacuum); heating rate: 0.7 deg/sec. 


Table 1: 


Influences of Heat-treatment upon CdS Single Crystals 


2435 


are shown in Figs. 9and 10 respectively. Both 
curves have three peaks at —189~—182°C, 
—100~—95°C and 0°C. The conductivity at 
maximum thermally stimulated current of 
AV-crystal at 0°C is larger than that of AVO- 
crystal. 

The calculations of electron trap depth from 
thermally stimulated current were carried out 
by the method used by Randall, Wilkins,” 
Bube®:!” and Kobayashi!. If we neglect the 
effect of retrapping, trap depth E is given by 


vk | 
pape 
Where 2 is the Boltzmann constant, Tm the 
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Fig. 10. Thermally stimulated current of AVO- 
crystal (heat-treated at 500°C for 10 minutes 
AV-crystal in oxygen); heating rate: 0.7 deg/sec. 


Major trap depths of CdS crystals obtained by the analysis 


of curves of the thermally stimulated current. 


No. | Preparation of specimen “Trap depths (ev) 
| ayer 0.18 0.34 
1 ' A-crystal (Sublimation in argon) (- 17°C) Ge 100°C) 
ie : ixe . 48 
H-crystal (sublimation in argon mixed 0. 17 i 0. 23 0. 8 
2 | with 2% hydrogen) (= 187°C) (— 185°C) (30°C) 
eae m 7 0. 7 0. 23 0. 34 0.52 
3 | AV-crystal (heat-treatment in vacuum) ie 189°C) (2 160°C) (—100°C) (0°C) 
| = = <_< 
‘ | -crystal (heat-treatment in oxy- 0.18 0,280.35. 0.52 
4 ine shige Sr (—182°C) (—160°C) (—95°C) (0°C) 
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temperature at maximum of the thermally 
stimulated current, v the attempt-to-escape 
frequency, f the heating rate. Eq. (1) can 
be transformed as 


E=RTn (ni v) (1+4), CZ) 


where 

== \ ol (RT m?/BE)/\n v. ( 3 ) 
In the present calculation, the values of » 
and 4 were assumed to be 110° and 0.1 
respectively.®.°1” The trap depths thus ob- 
tained are shown in Table 1. 


§7. Spectral Sensitivity of Photocurrent 


Before the measurement of spectral sensi- 
tivity of photocurrent, the CdS crystal was 
set in a hard glass tube in which nitrogen 
gas was flowing, and heated at 80°C for 30 
minutes. Measurements were done at room 
temperature. All crystals had a maximum 
sensitivity of photocurrent at 514 mp (corres- 
ponding to the absorption edge). 


7.1 In the case of electrodes placed on one 
surface 
In Fig. 11 are shown typical examples of 
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Fig. 11. Spectral sensitivity of the photocurrent 


of A-crystal AV-crystal, and AVO-crystals. 


-@- 1: A-crystal. 

-—O- 2: AV-crystal. 

-x- 3: AVO-crystal (heat-treated in oxygen at 
250°C). 

-A- 4: AVO-crystal (heat-treated in oxygen at 
400°C). 
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the spectral sensitivity of photocurrent for 
A-crystal, AV-crystal and AVO-crystal. The 
indium electrodes were formed on one surface 
of a plate-shaped crystal after heat-treatment 
as shown in the inset in Fig. 11. For several 
A-crystals there was no peak or no shoulder 
at longer wavelength side of characteristic 
photocurrent, but for several AV-crystals or 
AVO-crystals there was a shoulder at longer 
wavelength side. 

By X-ray diffraction, it was observed that 
cadmium oxide was produced on the surfaces 
of CdS crystal by heat-treatment above 500°C 
in oxygen. The photocurrent and the dark 
current of crystals heat-treated at 550°C for 
ten minutes in oxygen were unstable, and 
therefore the spectral sensitivity of photo- 
current could not be measured. The crystals 
heat-treated at 600°C for the minutes in 
oxygen had CdO layer on the whole surface 
between two electrodes, and had no photo- 
conductivity. The conductivities of these 
crystals were about 12-!cm."! 


7.2 In the case of electrodes placed on opposite 
sur faces 

In order to investigate the property of the 

bulk of CdS crystal with some CdO on the 
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Fig. 12. Spectral sensitivity of the photocurrent 
of A-crystal, and AVO-crystal with electrodes 
on opposite surfaces. 

-@- Curve 1: A-crystal. 
-xX- Curve 2: AVO-crystal. 
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surface, light was irradiated on the surface 
with the electrode at negative potential as 
shown in the inset in Fig. 12. There was no 
shoulder at longer wavelength side in the 
case of A-crystal, but a shoulder was observed 
at about 600 my in the case of AVO-crystal 
heat-treated at 500°C for 30 minutes in oxygen. 


7.3 Infrared quenching of the photocurrent 

The infrared quenching curves of photo- 
current of A-crystal, AV-crystal and AVO- 
crystal were obtained by the following method: 
first, the photocurrent produced by visible 
rays (540myv) was kept constant at above 
three crystals by controlling the applied volt- 
age, and then infrared rays were irradiated 
on one surface with two electrodes. There 
were two quenching valleys at 900 my and 
1400 my with three crystals. The wavelengths 
of quenching were the same as the values 
previously reported.!?.' But the ratio of 
quenching value at 1400 my to that at 900 my 
was 0.70 for A-crystal, 0.87 for AV-crystal 
and 0.95 for AVO-crystal. 


$8. Discussions 


The experimental results described in the 
preceding sections are related to each other. 
Let us consider about the influences of heat- 
treatment in vacuum or in oxygen. 


8.1 Variation of dark conductivity by heat- 
treatment in vacuum or in oxygen 

In the case of heat-treatment in vacuum 
the variation of the dark conductivity against 
the temperature is reversible below 120°C, and 
irreversible above 120°C, as shown in Fig. 5. 
Below 120°C, the dark conductivity may be 
produced by ionization of donors. It may be 
considered that above 120°C there are con- 
siderable contributions of ionic conduction to 
the dark conductivity. After CdS crystal is 
heat-treated above 120°C in vacuum, the slope 
mr point’) or in.-Fig. 5 4s 0:02eV “The 
dark conductivity at room temperature after 
heat-treatment at 200~250°C in vacuum is 
10‘~10’ times as large as that before heat- 
treatment. Consequently it may be concluded 
that the concentration of the donors formed 
by heat-treatment in vacuum above 120°C has 
increased with the rise of temperature of 
heat-treatment in vacuum. 

In the case of CdS crystal with gold elec- 
trodes, before the heat-treatment in vacuum 
the slope of dark conductivity against 1/T (°K) 
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is 0.6eV as shown in Fig. 5 (the slope at 
point A is 0.6eV), but in the experiment of 
the dark conductivity versus temperature at 
low temperature on A-crystal (prepared by 
sublimation in argon gas) with indium elec- 
trodes the slope of 0.6eV is not observed 
(curve 1 in Fig. 7). The donors associated 
with the slope of 0.6eV may be produced by 
bombardment of accelerated electron beam 
before forming gold electrodes. 


As shown in Fig. 6, the dark conductivity 
of the crystal heat-treated at 350°C in vacuum 
decreases by introducing oxygen at room 
temperature and when this crystal is heated 
at 80°C in vacuum and cooled down to room 
temperature, the dark conductivity returns 
to the initial value as the oxygen is released 
frorn the surface layers of the crystal. When 
oxygen is introduced on the crystal at 350°C, 
the dark conductivity also decreases, but the 
dark conductivity of this crystal does not 
return to the initial value by heating at 80°C 
in vacuum and returns to the initial value 
by heat-treatment at 350°C in vacuum. From 
the facts shown in Fig. 6, it may be con- 
sidered that oxygen introduced on CdS crystal 
at room temperature is absorbed at the surface 
layers of crystal and oxygen introduced on 
CdS crystal at 350°C is diffused into the 
crystal and further oxygen contributes to 
reducing both the life time of free electron 
in conduction band and the concentration of 
donors associated with the slope of 0.02eV. 
The slope of 0.02eV produced by heat-treat- 
ment in vacuum is not observed at the ex- 
periment of dark conductivity versus tempera- 
ture as shown in curves 2 and 3 in Fig. 7. 
As described in §5, it might be considered 
that heat-treated crystals used in the experi- 
ments described in §5, §6 and §7 have had 
some influence of heat-treatment in vacuum 
or in oxygen. 

As shown in Fig. 7, the ionization energy 
of 2.4eV derived from the curve on A-crystal 
(prepared by sublimation in argon gas) below 
30°C corresponds to intrinsic conduction, but 
it cannot be understood why a peak appears 
at about 50°C in the curve for A-crystal. 
The ionization energies are 0.70~0.74 eV, 1.0 
eV and 1.4eV for AV-crystal (heat-treated in 
vacuum) and AVO-crystal (prepared by heat- 
treating AV-crystal in oxygen), and the dark 
conductivity of AVO-crystal is smaller than 
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that of AV-crystal. Although these crystals 
had been influenced by exposing in air, it 
might be true that the dark conductivity in- 
creased by heat-treatment in vacuum are 
reduced by heat-treatment in oxygen. Further, 
H-crystal (prepared by sublimation in argon 
gas mixed with 2% of hydrogen gas) has 
donors alike AV-crystal, and accordingly, it 
may be considered that these donors are 
associated with sulphur vacancies.” At the 
experiments of the CdS sintered films, it 
had been revealed that the dark conductivity 
decreased by the heat-treatment in oxygen. 


8.2 Thermally stimulated current 

The distribution of electron traps obtained 
by measuring the thermally stimulated current 
are shown in Table 1. Errors in measure- 
ments of trap depth was +0.03 eV, and there- 
fore, the values of 0.17~0.18 eV, 0.34~0.35 eV 
and 0.48~0.52eV may be represented by 0.17 
eV, 0.34eV and 0.50eV respectively. From 
Table 1, the following interpretation can be 
derived: when A-crystals (prepared by sub- 
limation in argon gas) are heat-treated in 
vacuum, the crystal have electron traps at 
0.5eV below conduction band at 0°C, and the 
concentration of these traps are reduced by 
heat-treating the crystals in oxygen. When 
CdS crystals are prepared by sublimation in 
reducing atmosphere (H-crystal), the crystals 
also have electron traps at 0.50eV at —30°C 
alike the case of heat-treatment in vacuum. 
Since the traps at 0.50eV at —30~0°C are 
produced by heat-treatment in vacuum or by 
growth in reducing atmosphere, these defects 
are probably associated with sulphur vacan- 
cies. The concentration of electron traps at 
0.17 eV at about —180°C and at 0.23eV at 
about —160°C does not increase remarkably 
by heat-treatment in vacuum or by growth 
in reducing atrnosphere as shown in Fig. 8 
and 9, but it increases by heat-treatment in 
oxygen as shown in Fig. 10. The traps at 
0.17 eV at about —180°C and at 0.23eV at 
about —160°C likely are not associated with 
sulphur vacancies. 

Further, on CdS sintered films, a broad peak 
of the thermally stimulated current was obser- 
ved near room temperature®.!® and this peak 
might be correspond to the peak at about 
—30~0°C on CdS single crystal. 

8.3 Spectral sensitivity of photocurrent 
It was found that the spectral sensitivity 
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of photocurrent at longer wavelength side of 
intrinsic photoconductivity increased by heat-- 
treating the CdS crystal in vacuum or in: 
oxygen. In Figs. 11 and 12, there is a shoulder” 
at about 600 mp, and this shoulder is produced: 
not only by heat-treatment in oxygen but- 
also by heat-treatment in vacuum. Therefore,. 
the increase of photosensitivity at longer 
wavelength may not be directly due to the: 
effects of oxygen, but may be due to the: 


defects associated with vacancies. 


Berger® reported that the photoconductivity” 
at the peak of 520my and in shorter wave- ° 
length region decreased by keeping CdS crys- 
In the present. 
experiments, the sensitivity of photocurrent. 
in shorter wavelength region (below 500 my),. 
relative to the sensitivity at peak at 514my,. 
decreased by heat-treatment in vacuum, and. 
increased again by heat-treatment in oxygen.. 
when heat-treated in. 
oxygen at 500°C, has some CdO on its surface: 
as described in 7.1, and the spectral sensitivity” 
of photocurrent of there crystals (curve 2 in. 
Fig. 12) was similar to those of the crystals. 
without CdS on its surface (curves 3 and 4. 


tals in oxygen atmosphere. 


The CdS crystals, 


in Fig, Le 


8.4 Infrared quenching 
Infrared quenching on CdS 


electrons in conduction band by their recom- 
bination with free holes by infrared rays.'*.+# 


The values of quenching maxima (900 mz 
and 1400 my), on A-crystals, AV-crystals and. 
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Fig. 13. Infrared quenching of A-crystal, AV- 
crystal and AVO-crystal Quenching value is 
indicated as {(1—Ip+s/Ip+Is)} x 100(%), where 
Ip+s is the photocurrent produced by irradiation 
of infrared rays superposing on visible rays, 
Iy is the photocurrent by irradiation of visible 
rays and J; is the photocurrent produced by 
irradiation of infrared rays. In this experiment, 
I; is nearly zero. 
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crystal is: 
proudced by decreasing the concentration of 
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AVO-crystals were nearly equal to those pre- 
viously reported.1*.14.15) From the experiments 
of infrared quenching on CdS crystals with 
and without CdO (Fig. 13), it was found that 
hole trap levels did not change by heat-treat- 
ment in vacuum or in oxygen, but the ratio 
of the quenching value at 1400 my to the one 
at 900my increased by heat-treatment in 
vacuum or in oxygen. From these facts, it 
is Considered that by heat-treatment the con- 
centration of the hole traps at 0.89eV above 
valence band increases more than that at 
1.38 eV. 


$9. Summary 


CdS single crystals used in these experiments 
had been more or less influenced by the ex- 
posing in air, but from the experiments above 
described following results were obtained. 

1) The ionization energies of CdS single 
crystal, which has been heat-treated in vacuum 
at high temperature, are 0.04, 0.7, 1.0 and 
L4eV. 

2) The major electron trap depth of CdS 
single crystal heat-treated in vacuum at high 
temperature is 0.5eV. 

3) The dark conductivities which are in- 
creased by the heat-treatment in vacuum and 
the concentrations of the electron traps which 
are produced by the same treatment, are 
reduced by the heat-treatment in oxygen. 

4) When the CdS single crystal is heat- 
treated in vacuum or in oxygen, the photo- 
sensitivity at longer wavelength region in- 
creases. 

5) The values of quenching maxima (900 
my and 1400my) of infrared quenching do 
not change by the heat-treatment in vacuum 
or in oxygen, but the quenching value at 
1400 my slightly increase. 

6) When the whole surface of the CdS 
single crystal is covered with CdO by the 
heat-treatment in oxygen above 600°C, no 
photoconductivity is detected. 
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The dielectric constant of NaNO, crystal was measured in a tempera- 
ture range from r.t. to 200°C and in a frequency range from 60 to 10° 
cycles per second. It shows peak at 164.2°C in heating and at 162.6°C 
in cooling. Dielectric dispersion, similar to the one observed in other 
ferroelectrics, exists in all directions of the crystal principal axes in the 
paraelectric region as well as in the ferroelectric one. The spontaneous 
polarization was determined by the measurement of the pyroelectric 
current and the value was estimated to be ca 8.6 yC/cm? at r.t.. The 
ferroelectricity in NaNO, was discussed in a phenomenological way, where 
the electrocaloric effect was taken into account. The free energy F 
was expressed as a function of the polarization P as F=A(T—T)P? 
+BP4+CP*, and the coefficients were determined by the dielectric proper- 
ties as A=1.22x10-8°K-!1, B=—0.3x10-10 esu, C=1.010-19 esu and 
T)=436.2°K. From the dielectric measurements, it is concluded that the 
transition in NaNO, is probably of the first kind. It was pointed out 
by the consideration about the atomic arrangement that the main contribu- 
tion to the spontaneous polarization comes from the relative displacement 
between Na+ and NO-, ions, and further that NaNO, crystal is a ferro- 
electric crystal which stands halfway between ionic and molecular crystal. 


$1. Introduction 


Since ferroelectricity was revealed in NaNO: 
(sodium nitrite) crystal by the dielectric 
measurement’, various properties have been 
measured by many researchers.* It is con- 
sidered that the ferroelectricity in NaNO: has 
its origin in the arrangement of NO2~ radicals 
in the crystal and the transition is accompanied 
by order-disordering of their senses in the 0 
direction of the orthorhombic structure.® 
And hence NaNO: has been regarded as a 
ferroelectric of new type. As the crystal 
structure of NaNO:!”. 12. 12). 18) is rather simple, 
we may have a hope that the ferroelectricity 
will be thoroughly studied as in the case of 
barium titanate, which also has simple crystal 
structure, though their natures of chemical 
bonding and in consequence origins of ferro- 
electricity are considerably different each 
other. 

The details of domain structure®) and thermal 
property” of NaNO: have been already reported 
by the author and his co-workers. Dielectric 


* These are thermal property,?) domain structure,?) 
crystal structure,‘), 5),6,7) nuclear magnetic re- 
-sonance,’) and infrared absorption.9) 


properties will be mainly described in this 
paper. The dielectric constant was measured 
as a function of frequency as well as of 
temperature, and the spontaneous polarization 
was determined by the measurement of the 
pyroelectric current. Judging from our ex- 
perimental results on thermal property, it 
appears that the phase transition in NaNO: 
is of the second kind, but the dielectric pro- 
perties described here are rather favorable to 
point of view that the transition is of the first 
kind. 

Following the method used by Devonshire, *) 
the free energy of NaNO: crystal is expanded 
in terms of the polarization, where the co- 
efficients are determined by the use of certain 
dielectric properties of the crystal, and then 
prediction of other properties are made. The 
electrocaloric effect is taken into account, and 
the dielectric constant calculated is compared 
with experiments. Results obtained in this 
way are of course independent of any atomic 
model. Further we develop several discussion 
based on atomic pictures, but they are not 
accurate enough to give definite predictions. 
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$2. Experimentals 
§§ 2. 1. Dielectric constant 
a) Temperature dependence 


The measurements of dielctric constant 
were made for the samples prepared from the 
melt, mostly at the frequency of 100 kc/sec 
by means of C-meter (Type CM 101, Yoko- 
gawa Co. Ltd). The sample was put in a 
silicon oil bath set in the electric furnace, in 
order to keep an uniform temperature dis- 
tribution around it. The heating or cooling 
rate was kept 0.5°C/min in average but was 
slowed down to a value less than 0.1°C/min 
in the vicinity of the transition temperature. 
The temperature was measured with a thermo- 
couple inserted in the bath, beside the sample. 
Air-drying silver paste was used as the elec- 
trode material. 

Temperature dependence of the dielectric 
constants along the crystal principal axes, éq, 
é, and é¢ are shown in Fig. 1, where the 
dimensions of the samples (the area S of the 
electrodes and the distance d between them) 
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are 
S=06iem” S=05rem? 
oe inh, Cea cm 
and 
S=0.88 cm? 
ean cm respectively. 


The dielectric constant vs temperature curves: 
in heating show peak at 164.2°C in all direc- 
tions but they are not steep except for the 
ferroelectric 6 axis, in which the value more 
than 1000 is observed. It was found that the 
peak values varies to some extent specimen 
by specimen and is sensitive to a stress com- 
ing from the electrodes or the sample holder. 
The transi tion is accompanied by a tem- 
perature hysteresis and the difference of the. 
transition temperature in heating and cooling’ 
is estimated to be ca 1.6°C in our measure- 
ment. Above the transition temperature, the. 
Curie-Weiss law holds for « as shown in 
Fig. 2, though a slight deviation is noticed 
just above the transition temperature It is. 
seen that 1/e, varies linearly with temperature 
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i ic constants 
Temperature dependences of the dielectric const 
along the ev etal principal axes measured at the frequency of 


down to about 140°C as well as. 
above the transition temperature. 
Hence «& can be represented as. 
follows, 


] below the transition temperature 


€p 
Cr=0,68102°K, 
Cee bA3 oil? VK, 
T= 163.0°C=436527 Ke 
Ty =1060,0° C= 430 ak 
Do=164.2°C= 437 AK 


We remark here that thevalues.. 
of Cy and Cp vary to some extent 
specimen by specimen. This 
a may be attributed to the effect of 
electrical conduction, as in the 
cases of other ferroelectrics, for 
example, barium titante. A 
small jump can be clearly dis- 
cerned on the curve at the 
transition temperature and the 
extraporated lines in the two 
regions above and below the 
transition temperature intersect 
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quire how the dispersion pheno- 
mena take place, the Cole-Cole 
diagrams were taken, as shown 
in Figs. 4 (a), (b), and (c), where 
the experimentally determined 
values of the real and imaginary 
parts of complex dielectic con- 
stant e* corresponding to vari- 
ous frequencies are plotted in 
Cartesian coordinates. Exclusive 
of the low frequency side in 
which departures from the arc 
are conspicuous, the Cole-Cole 


190 


‘ laws seems to hold in all the 
130° 140 150 160 NO 180 190 200 cases, that is, 
0, 
Temperotures ste, &* — €0= (9 — Exo)— ah rarer 
‘Fig. 2. 1/ey vs temperature curve near the transition temper- 1+ (wr) 
ature. (39) 


«the abscissa at different temperatures 7> and 
T:, being apart by ca 3.5°C. It is to be noted 
further that the paraelectric Curie temperature 
T. stands very close to the transition temper- 
cature T.. These characters will be taken 
into account in the later discussions concern- 
-ing the kind of transition. 

It is plausible to consider that the deviation 
‘from the Curie-Weiss law corresponds to the 
anomaly above the transition temperature ob- 
-served in the measurement of thermal pro- 
-perties,” but it would partly come from the 
-effect due to the stress. 


b) Frequency dependence 

Frequency dependences of dielectric constant 
were measured in a frequency range from 
60 c/sec to 1 Mc/sec, by a bridge method using 
-a wide band dielectric loss meter (type TR-1B, 
Ando Electric Co., Ltd). As our measurement 
“mainly aimed at ascertaining the reliability for 
‘the experimental data at 100 kc/sec, we shall 
-here not go into details on the dielectric dis- 
‘persion phenomena, but limit ourselves to 
touch its outline. 

The temperature characteristics of dielectric 
-constant corresponding to various frequencies 
are Shown in Figs. 3 (a), (b) and (c). It is to 
be noted that some kind of dielectric disper- 
‘sion exists in all directions of the crystal 
‘principal axes in the paraelectric region as 
well as in the ferroelectric one. In the a 
and c directions perpendicular to the polar 
.axis, the values of dielectric constant markedly 
increase in a side of low frequency. To in- 


In this case we may put approximately a=0 
for the @ and ¢ direction and a=1/2 for the 
b direction, and the relaxation time t may be 
taken to be of the order of 10-*sec. In the 
case of a=0, the values of «* lie on a semi- 
circle having its center on the ¢ axis, which 
is identical with those obtained from the 
simple Debye theory characterized by a single 
relaxation time. In the case of a=1/2, how- 
ever, the center of the arc is located below 
the ¢ axis, indicating a distribution of relax- 
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(c) 
“Fig. 3. Temperature dependences of the dielectric 
constants corresponding to various frequencies. 
(a) a axis, (b) b axis, (c) ¢ axis. 
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sation times. 

The deviations from the arc in the low 
frequency side must be caused by the effect 
.due to electrical conduction, as has been 
. discussed in the similar experiments for barium 
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titanate’® and Rochelle salt.!7 As the elec- 
trical conductivity of NaNO: crystal is far 
larger than that of barium titanate, the effect 
would be more predominant. Another kind 
of dispersion should be expected to occur in 
a range of higher frequency, because the 
value of eo estimated from the arc in Fig. 3 
(c) keeps yet a large value of 470. 

In spite of the remarkable dielectric disper- 
sion, the values of Cr and Cpr obtained from 
l/eo~T curves did not change considerably 
with the frequency, as shown in Fig. 5, though 
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Fig. 4. Dielectric properties plotted in terms of 
complex dielectric constant. 
(a) a axis, at 130°C and 150°C, 
(b) 6 axis, at 150°C, 
(©) WO ees, are OAC. 
The similar behavior as seen in (a) was obtained 
in the ¢ direction. 


an increasing tendency of the values is noticed 
in a low frequency side. The constancy of 
the values gives us an assurance of using 
the numerical values of Cr and Cp given in 
the former section in the phenomenological 
theory which will be developed in §4. As 
the mechanism of the dielectric phenomena 
represented by the Cole—Cole law is supposed 
to be complicated and not to have a direct 
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Fig. 6. Pyroelectric current. 
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Fig. 5. Values of Cy and Cp at various frequencies. 
bearing with the ferroelectricity, we shall 
reserve the interpretation for another occasion. 


§§ 2. 2. Pyroelectricity 

The spontaneous polarization was obtained 
from both measurements of the pyroelectric 
current and the dielectric hysteresis loop dis- 
played at the frequency of 50c/sec. By the 
later method, however, the value of the 
spontaneous polarization was not able to be 
obtained near the room temperature, because 
the loop did not open out owing to its large 
coercive field... We show here the temper- 
ature dependence of the pyroelectric current 


\6! 


J 30 
time (minute) 


Curve a is the current for the crystal without d.c. 


field treatment and curves 6 and ¢ after the treatment. 
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and the spontanous polarization obtained from 
it. 

The measurement of pyroelectric current 
was made by the usual method using a galvano- 
meter (current sensitivity: 2.1<10-!°A), in 
which the rate of temperature variation near 
the transition temperature was kept ca 1°C/min. 
Since a NaNO: crystal prepared from the melt 
was usually composed of antiparallel 180°- 
domains,*) only a small fraction of the pyro- 
electric current could be measured, when any 
d.c. field had not been applied to the crystal. 
This case is shown by curve @ in Fig. 6, 
which is obtained during a cooling process. 
When the crystal had been slowly cooled from 
170°C to room temperature with applying d.c. 


spontaneous polarization (#&/¢m4 


-nua Fann oo Oo 


fe) 


25 50 75 


Fig 


ous polarization was obtained by integrating 
the pyroelectric current, as shown in Fig. 7. 


§3. Phenomenological Theory of the Ferro- 
electricity 


§§ 3. 1. Free energy 
We shall begin with expressing the free 
energy F as a function of polarization and 
stress, where the stresses are equated to zero. 
We then have 
E=AT—T) P?+BP+CP*® (4) 
were P is the polarization along the ferro- 
electric axis and A, B, C are the coefficients 
of expansion. The zero of the free energy 
is taken to be that of the unpolarized, un- 
stressed crystal. The terms of the second, 
fourth and sixth orders are included and we 
shall find it necessary to take into account 
all these terms to account for the dielectric 
behavior of the crystal. The derivative of F 
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field of 1.4kV/cm, curve b or c was obtained 
as the pyroelectric current in heating, accord- 
ing to the sense of the applied electric field. 
Needless to say, the measurements were made 
after the charging current had been eliminated 
by shortcircuitting the electrodes of the crystal. 
The electric field applied was judged to be 
sufficient to remove the 180°-domain bound- 
aries, from the observations on the behavior 
of domains.®) The current shows a sharp peak 
near the transition temperature, followed by 
immediate disappearing. The fact that the 
pyroelectric current is affected with the applied 
d.c. field is another tangible evidence for 
NaNO: to be ferroelectric. 

The temperature dependence of the spontane- 


150 175 200 


Temperature dependence of the spontaneous polarization. 


with respect to P gives the field E for the 
free crystal. Hence we have 


B=(+5) ~2A(T—To)P+4BP*+6CP*. (5) 
aP ) p 


In the absence of an external field the right- 
hand side of eq. (5) must be zero and we 
have 

P{A(T—T.)+2BP?+3CP*}=0. (6) 
Further the electric susceptibility, to be exact, 
the isothermal electric susceptibility %; is given 
by the derivation of E with respect to Pas 
follows, 


t= Ga ~2A(T—To) +12BP?+30CP! . 
aP ) + 
Cie) 


In the non-ferroelectric region, eq. (7) becomes 

1/%s=2A(T—To) . (8) 
If A is the constant independent of the tem- 
perature, it will be an expression of the 
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Curie-Weiss law. 

The values of the coefficients can be deter- 
mined by using the experimental data on 
dielectric properties. Comparing eq. (8) with 
eq. (2), we have 

A= 20/C p= ge 10 ee le ee (9) 
We shall assume that A is a constant inde- 
pendent of temperature in the whole regions. 
The coefficients B and C can be so chosen 
that the value of P calculated from eq. (6) 
may agree with the observed one at any 
temperature. It is not necessary for B and 
C to be quite independent of temperature, 
but we may assign them nearly constant values 
B=—0.3 107" (esu) 
(C= IOS (Es) 
since, for this value of C, the value of B 
remains almost constant in a wide range of 
temperature, as seen in Fig. 8, where the 
values of C for three different values of para- 


meter B, which satisfy eq. (6) are plotted as 
a function of the temperature. 


2ol* 197'9 (e.s.u) 


O 120 140 \60_ {80 
Temperature (°C) 


Fig. 8. Relation between the values of B and C 
which satisfy eq. (6). 


It is worth noticing that the magnitudes of 
the terms BPt and CP* are of the same order 
and B is negative while C is positive. This 
indicates that the transition from ferroelectric 
to paraelectric phase should be of the first 
kind. In fact, the situation can be visualized 
in curves of free energy vs polarization. 
Several curves near the transition temperature 
are given in Fig. 9, where the figure entered 
beside each of them means the temperature 
difference with 77>. The curve denoted by 0 
has a minimum at the polarization value of 
14.210 (esu), which represents a stable state 
to be realized. Therefore the polarization 
should be the spontaneous polarization expected 
at T>. With decreasing temperature, the free 
energy curve shifts downward and the value 
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of the polarization corresponding to the 
minimum increases. This means that the 
ferroelectric state becomes more stable as the 
temperature decreases. The curves +1 and 
+2 keep still their minimums for non-vanish- 
ing values of P, while those +3 and +5 may 
keep them only for P=0. The extreme values 
of the polarization. are given by eq. (6) as 
follows, 

R=0% 
or 

P= —B+/B*—AC(T—T») 


3C eee 


‘ 


22t x10° (es.u) | 


Free energy F 


Fig. 9. Free energy vs polarization curves in 
vicinity of the transition temperature. 
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Fig. 10. Calculated values of the spontaneous 


polarization at the temperatures of 7, Tz, and 
Tors 
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and their stabitity can be discriminated by the 
sign of the formula (7). The non-ferroelectric 
state, in which P=0, is always unstable in 
the temperature region below 7». 

We shall mark two definite temperatures 
‘besides To as follows, 

Tr: temperature at which the minimum 
value of the free energy becomes zero 
with non-vanishing value of P. 
temperature above which the free 
energy curve has only one minimum 
corresponding to the state P=0. 
‘Then the values of the spontaneous polariza- 
tion at the temperatures of To, Tz, and Tz 
are given by 


arr 


= 163.0°C, Pr=y/ Ge =4.71 (Clem?) 
(11) 
B? = 

1h = Ih == = © = ——_—- = 
L Saar ig 164.8°C, Pr, aC 4.08 
(uC/cm?) , (12) 

and 

: Ss B* sf ° rns eee 
ae Byte asloD 8 Pra=y/ ge =3-483 
(eC/em?) .-(13) 
Their relation is drawn in Fig. 10. In phe- 


nomenological theory in which the effect of 
thermal vibration is not taken into account, 
it is natural to consider that the transition 
occurs at Tz in heating and 7J> in cooling.!” 
In the actual crystal, however, it will be 
doubtful that this is the case. The temper- 
ature of the peak in the heating curve of 
dielectric constant is 164.2°C, which is rather 
near Tz; than Ty. It is likely that the transi- 
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‘Fig. 11. Polarization vs field curves in the vicinity 
of the transition temperature. 


Some Experimental and Theoretical Studies of Ferroelectricity in NaNOz 


2447 


tion occurs at a certain temperature between 
Tx and Ty in heating, and at a certain tem- 
perature between 7» and Ty, in cooling. The 
temperature hysteresis observed in our dielec- 
tric measurement is 1.6°C, which is nearly 
equal 7;—To, 1.8°C. 

Next we shall discuss about the P~E 
relation near the transition temperature. The 
curves can be obtained by plotting eq. (5) as 
shown in Fig. 11. Normal hysteresis loop 
can be expected for the curves, —l, 0, +1, 
and double hysteresis loop for +3. The 
coercive fields estimated from these curves 
are more than ten times as large as the values 
obtained from the dielectric hysteresis loops. 
The circumstances are common in ferroelec- 
tric crystals, the coercive fields of actual 
crystals are governed by the mobility of domain 
wall, and hence these discrepancies are not 
serious for our phenomenological theory. Since 
the double hysteresis loop was actually ob- 
served just above the transition temperature,” 
our results obtained seem to be reasonable. 


§§ 3. 2. Temperature dependence of the elec- 
tric susceptibility 

In this section, we shall discuss about the 
temperature dependence of the electric sus- 
ceptibility below the transition temperature 
by using the coefficients determined in the 
former section. In comparing the calculated 
susceptibility with the measured one, we have 
to pay attention to the fact that the measure- 
ment of the susceptibility was performed 
under the adiabatic condition, while the formula 
given by eq. (7) is for the isothermal one. 
Taking into account of the difference, Wieder?” 
tried to interprete the observed value of Cp/Cr 
in colemanite, which is not 2, as expected 
from a general phenomenological theory, but 
oe 

The general relation between the adiabatic 
susceptibility and isothermal one was given 
by Baumgartner’ as 


ae dts (14) 


ily pt eae 
where J’ is the specific heat at constant pola- 
rization. Using eq. (5), we have 


OE 
—) =2AP., 
ak 


Substituting eqs. (7) and (15) into eq. (14), we 
have 


(15) 


Wg Pe a (16) 
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where 
31=2A(T—T) , (17) 
S2=2BP?--30CP* , (18) 
and 
Sete T le (19) 


In the paraelectric region where the spontane- 
ous polarization vanishes, it has no need of 
considering the difference between yo and yi 
except for the case in which an extremly 
strong electric field is applied. Fig. 12 shows 
3X1, Y2, Xs and 1/y, separately as a function 
of temperature. 1 is a straight line crossing 
with the abscissa at 163°C and 4%: is nearly 
a straight line in temperature range from 
140°C to the transition temperature, and its 
extrapolated line crosses the abscissa at 
164.5°C. 3 is the term responsible for the 
electrocaloric effect and almost counterbalances 
the term +1 in its magnitude. In the calcula- 
tion of ¥:, the constant value of 0.26 cal/°C gr 
was adopted as the value of /’.2) Inthe result, 
1/ya varies almost lineary with the temperature, 
having the gradient of 18.1*10-?°K-! and 
its extrapolated Jine intersects the abscissa 
at 166.3°C, which is in good agreement with 
Ti, 166.5°C, Since the gradient in the para- 
electric region is given by 2A, the value of 
Cp/Cyr becomes ca 7.4, which coincides fairly 
good with the observed one, 7.5. 
§§ 3. 3. Internal energy 

The polarization will be accompanied by a 


5, (i iy 1,2,3) 


Temperature (°C) 


Fig. 12. Temperature dependences of 31, 32, 3, 
and 1/Xq. 
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change of internal energy, which will be giveniy 
by the usual formula | 
oF 

ie 7( ; a F, 
where the suffix p represents that the pressure? 
is kept constant. Now F depends on temper-+4 
ature partly through the polarization, so we? 
can write oi 


Gnas 
OT) pack OL 2, eal OPS», mab) > 


aF aP 
pe ee Be 
(sr), . +r), 


and hence for zero field 


oe ae 
OT be ENO G do oe 


Since we have assumed all the coefficients, 
A, B, and C to be independent of temperature, 


eq. (20) becomes ' 

V=AT.FP*—BP*—Cr*. (23) 
We can now calculate the internal energy asé 
a function of temperature by using the values: 
of the coefficients and the polarization. Sub-} 
stituting the observed value of the polarizatiaae 
in eq. (23), we have 3.74x10-* erg/cm? as thes 
value of U at room temperature. On thes 
other hand, the magnitude of the internal] 
energy can be estimated approximately from 
the transition heat as ca 3.37X10*% erg/cm?.” 
Considering the experimental accuracy of thed 
measurement of specific heat, it may be saidi 


that they show a good coincidence. 


eu), 


(22)| 


2 TY 


§4. Discussions 


§§ 4. 1. Carrier of the ferroelectricity ' 

The carrier of the ferroelectricity in NaNOz} 
is NO~: radical which is non-symmetric in its 
shape and have a permanent electric dipole# 
moment. It is known that NOz molecule is#} 
polar, with permanent electric dipole moment} 
of 0.4 Debye unit. 


crystal was measured by several crystal- 
lographers. The results are given in Tablet 
1, in which Strijk’s values are for 205°C, and} 
the others are for room temperature. It is to} 
be noted that the bond length increases antl 
the angle decreases with increasing temper- 
ature. 

Pauling?” proposed a picture for NO2- radica 
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Table I. Values of the bond length and angle of NO;- radical. Strijk’s values 
are for 205°C and the others are for room temperature. 


Strijk!) 


| Ziegler!) | Carpenter!2) | Truter!3) | 
N-O bond length (A) | e138 1.23340.04 1.24+0.035 I a3il 
ZONO (deg) 132 115.7+3 114.244 114 


by usual resonance method, where the main 
contributing structures are 


N N 
Pawn, fees 
O OReandmOk ey = 
The N+—O distance predicted on this basis 
was given by 


3x 
2x+1 ’ 
where R: and R2 are the bond lengths of 
Single and double respectively and x represents 
the contributing ratio of the double bond. 
Taking the numerical values as Ri=1.46A 
(by Pauling®”), R2=1.15A (by Schomaker & 
Stevenson”), Carpenter!?) obtained 1.23 A as 
the value of R, which is in good agreement 
with the x-ray data. Consequently the Paul- 
ing’s picture seems to be adequate for NaNOsz. 
_ Now we shall give a rough estimation for 
the value of spontaneous polarization by using 
the x-ray data. In the first step, we shall 
consider that the spontaneous polarization 
consists of a term due to the relative ionic 
displacement between Na+ and NOz7~ ions, in 
which the minus charge is located in average 
on the line connecting the two oxygens. The 
essence of the atomic arrangement contribut- 
ing to the polarization is visualized schematical- 
ly in Fig. 13, where two patterns (a) and (b) 
correspond to the atomic arrangements having 
the polarization of opposite sense each other. 
Adopting the value of the relative displace- 
ment 6 as 0.48A from the x-ray data!” we 
obtain 2.3 Debye unit as the contribution to 
the polarization from the ionic term, that 
leads to ca 12 yC/cm? as the value of spon- 
taneous polarization obtained from the pyro- 
electric current. 

It is to be noted that the above estimation 
would be of the upper limit, because the 
largest value of 6 was adopted and the location 
of the negative charge was taken on the 0-0 
line. Effects of thermal vibration will act for 
the magnitude of 6 to diminish somewhat. 
Provided that some fractions of NO:~ radicals 


R=R1 + (Ri—R2) 


(24) 


(a) 


Fig. 13. Relative displacement between Na* and 
NO,- ions. (a) and (b) correspond to the atomic 
arrangements having opposite polarization each 
other. 


take the wrong alignment, the circumstances 
will be more improved. As the ordering para- 
meter s has been estimated as ca 0.78 at room 
temperature,” the value of spontaneous polari- 
zation ought to be discounted by the factor s 
and becomes 9.4 yC/cm?. At any rate, the 
contribution to the spontaneous polarization 
from the dipole moment of NO:2~ radical itself 
will be presumably small owing to its covalent 
character. 


§§ 4. 2. Interatomic distances 

NaNO: crystal has low melting point of 
277°C, in comparision with that of a typical 
ionic crystal such as NaCl. This means that 
the interatomic interaction is rather weak 
and so the interatomic distances would be 
larger than those expected from the corre- 
sponding atomic or ionic radii. In fact, the 
situation is just as supposed, as shown in 
Table 2, in which the non-bonding interatomic 
distances resulted from the x-ray data’” and 
the sums of the corresponding atomic or ionic 
radii are compared. The values of the inter- 
atomic distances are also entered in Fig. 14. 
If one NO.- radical takes the wrong sense 
with keeping the others fixed, like ON’O in 
Fig. 14, we shall have 1.644 as the distance 
of Nat—N, which is far shorter than the sum 
of the corresponding atomic radii. In that 
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Table IJ. Non-bonding interatomic distances and 
their corresponding sums of atomic 
(ionic) radii. : 
| Interatomic Sum of the atomic 
| distance radii 
(A) (A) 
Nat—O | Pail, Pa stoy 230 
Nat+t—N 2.61 2.45 
N+—O Bae 2.90 
O—O 3.55 2.80 


Fig. 14. Full and dotted 


Interatomic distances. 
lines represent the interatomic distances between 
ions located in the same bc plane and in the bc 


: il : 
planes distant by 2 respectively. 


case, the neighboring Nat and NO:- will be 
forced to shift along the db direction, then it 
will give the NOs a chance to turn, and 
finally lead to the reverse turn of the crystal 
polarization. For the other interatomic dis- 
tances, the situations are not so serious as for 
the case of Nat—N. This circumstance sug- 
gests us that the interatomic interaction will 
be weaker in the direction perpendicular than 
parallel to the 6 axis. The short range in- 
teraction in the 0 direction is cosidered to be 
the important factor for NO2~ radical to aligne 
in One sense in the ferroelectric phase. 
When the temperature is raised, NaNO: 
crystal expands in the @ and 6 directions 
while it contracts in the ¢ direction.2. ?. 1 
That is intimately related to the behavior of 
the thermal vibration of NO.- radical in the 
lattice. We may judge from the x-ray data 
on the atomic arrangements above the transi- 
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tion temperature’ that the misalignment of | 
NO:~ radical is responsible for the anomalous. 
thermal expansion in the 0 direction. 
The expansion in the a@ direction and the) 
contraction in the c direction will be under- | 
standable qualitatively, if we take into account. | 
of rotation or rotational vibration about any | 
axis of the non-spherical NO2~ radical, which 
takes its long axis parallel to the c direction 
in the equilibrium. 


§8 4.53, 


Kind of transition and comparision 
with other typical ferroelectrics 

We have concluded from the dielectric pro- | 
perties and the phenomenological theory that. 
the transition in NaNO: is of the first kind. 
It is to be noted, however, that it stands close | 
to the second kind one, as was seen in the 
measurement of thermal properties,” in which. 
the anomalies appear far below the transition 
temperature. Recently, Shibuya has shown. 
by his x-ray study® using Bragg reflections. | 
and critical scatterings that the phase transi- 
tion in NaNO: can be interpreted by a model | 
of order-disorder type, and noticed that the 
observed intensity of the critical scattering | 
drops rather abruptly just above the transition 
temperature. Although the type of the transi- 
tion is of order-disorder, it does not necessarily 
follow that it is of second kind. It goes 
without saying that the same situation exists. 
in the transition of displacive type. Actually 
Triebwasser has shown in his study‘) on! 
dielectric property for the system of KNbOs: 
—KTaO; that the kind of transition changes. 
from the first kind to the second one, according | 
to its constituting ratio. By using a general | 
method of Bethe approximation, Grindlay and 
Harr?» predicted that the transition in KH2PQ, | 
can be treated as the first or second kind | 
either, according to the magnitude of co- 
ordinating energy of H+ around POs radical. | 
He stated that the transition would take place: 
as the first kind when the magnitude of the 
energy is large and the transition as the 
second kind when small. The circumstances. | 
in NaNO: are considerably different from that | 
in KH2PO,, neverthless, we may imagine that. 
the similar relation will be derived in the case. 
of NaNOz, if the short range interaction be- 
tween NO: radical, which acts so as to 
intensify the co-operative character in the 
transition, becomes strong beyond a certain | 
critical value. 
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Table III. Comparision of properties between several typical ferroelectrics. 
F means to be ferroelectric, and P to be paraelectric. 


transition spontane- | piezoelectrici- kind of | character of 
compound crystal temper- rate ous — | Cp a an Dat aelec: transition) transition 
symmetry ture polarization) (°K) sid cee 
oc 2 & a =| EET ] = 
© (wC/cm?) yes NO ste ond displ- order- 
2 acive |dirorder 
rhombohedral 70 F | 
: orthorhombic 7 F 
BaTiO; tetragonal re F 26 1.7105 @ ane ae) 
cubic P 
: | 
NaNO, orthorhombic 164 | & 8.6 |5.1x108 Ove O 
“orthorhombic F 
KH,PO, | tetragonal —150 Pp 4.6 |3.2x103 © O O 
Colemanite monoclinic = 7. shee, 0.53 |5.0x102 O O O 
GASH | rhombohedral > 200 | 0.35 = 
Rochel] | orthorhombic _18 E 
monoclinic F Us kati < 0s @ 
salt orthorhombic 23 BR | = o | 


Tanisaki has found by his x-ray study® that 
a micro-domain structure is realized just above 
the transition temperature. Though its detail 
is not disclosed, it will be conceivable that 
the micro-structure is not an evidence for an 
new phase but a short range ordered arrange- 
ment of NO: radicals remaining still in the 
paraelectric region. However, Hoshino and 
Shibuya have suggested from their x-ray 
study”) that another new phase is expected in 
the temperature range from 163°C to 178°C. 
and therefore we cannot but say that there 
ramains some ambiguity about it. 


There conceived is another factor which 
makes the transition the first kind. It is an 
effect due to the volume change. Kirkwood 
suggested in his article*® concerning transition 
phenomena of crystals which contain rotatable 
dipoles that the first kind transition would 
occur if the restraining field for the dipoles 
were affected to a certain degree by the 
volume change due to the temperature effect. 
As NaNO: crystal fairly changes its volume 
near the transition temperature, the effect 
may have a direct influence upon the nature 
of the transition. 

The transition in NaNO: is not accompanied 
by the change of point group symmetry, 
though its space group transfers from C2}(Jmm) 
to D*(Immm).° Regarding this point, the 
situation is the same as in colemanite,*” the 
crystal symmetry of which is kept monoclinic 


through the transition. The temperature 
hysteresis of the transition, however, occurs. 
only in the former case. We add here that 
the hysteresis of the transition temperature 
had been already pointed out by Strijk and 
MacGillavry in their x-ray study.’ 

To understand well the situation of NaNOz 
crystal, we give Table 3, in which certain 
properties of several typical ferroelectrics are 
listed, and the compounds are arranged in 
order of magnitude of their spontaneous polari- 
zation. NaNO: is ranked in the second, be- 
tween BaTiO; of the displacive type and 
KH:PO, of the order-disorder type. Judging 
from the discussions in §§ 4.1 and 4.2, it may 
be said that the transition in NaNO: stand 
close the displacive type, even if it is classified 
in the order-disorder type. NaNO: crystal is 
a ferroelectric crystal which stands halfway 
between ionic and molecular crystal. 


§5. Additional Remark 


It has been cleared by our recent investi- 
gation* that the NaNO: crystal shows a re- 
markable plasticity in the temperature region 
above the transition temperature. The plastic 
nature is regarded as one of the evidence 
that the rotaional thermal vibration of NO:— 
radical is considerably violent in the para- 
electric region.?” It will be necessary to take 
into account of the plastic effect of NaNOz 


* S. Nomura: unpublished. 


2452 


Shoichiro NOMURA 


crystal, when we carry out the precise measure- 
ment, in particular, above the transition tem- 


perature. 


We may call NaNO: crystal as a 


plastic ferroelectric crystal. 
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Hall Effect in the Carbides of Transition Metals 


By Takashi TsucHIDA, Yoji NAKAMURA, Mamoru MEKATA, 
Junji SAKURAI and Hideo TAKAKI 
Faculty of Science, Kyoto University 
(Received July 4, 1961) 


Measurements have been made of the electrical resistivity and the Hall 
constant of the carbides of the fourth and fifth group transition metals 
at room temperature in order to clarify the electronic structure of these 
compounds. The Hall coefficients are of the order of —10~-3 coul-! cm? 
for the fourth group carbides and of —10-4 coul-!cm? for the fifth 
ones. Calculating the concentrations of the conduction electron on the 
basis of the one-band approximation, it was found that the conduction 
band may be almost empty for the fourth group carbides and may be 
occupied by about one electron per chemical formula unit for the fifth 
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ones. 
band structures to each other. 


Introduction 


$1. 

The carbides of the transition metals of the 
fourth and the fifth groups of the periodic 
system are less ductile and less malleable and 
have a high melting point and an extreme 
hardness. Nevertheless they possess high 
electrical and thermal conductivities and metal- 
lic luster. These properties seem to be due 
to the coexistence of metallic nature and di- 
rectional covalent bond, as have been dis- 
cussed by several authors.!>?)®) 

In order to clarify the electronic structure 
of these carbides, Hall coefficients and electri- 
cal resistivities were measured at room tem- 
perature. From these measurements the sign 
of the predominant carrier can be determined, 
and the semiquantitative informations of the 
carrier density and of the mobility can be 
obtained for each carbide. Furthermore, a 
comprehensive interpretation can be drawn 
on the basis of the periodic system for the 


The results may suggest that all these carbides have similar 


electronic structure of the carbides of the 
fourth and the fifth groups, since these com- 
pounds form the isomorphic structure of the 
sodium chloride type. 


§2. Experimental Procedures 


The samples were sintered by hot-press at 
about 2000°C and 50 kg/cm? in a high frequency 
induction furnace for several hours. The 
results of chemical analysis of carbides before 
sintering are given in the first and second 
colums of Table I. The packing factor of 
the sintered samples shown in the third colum 
of Table I was estimated from the apparent 
density and the lattice constant. The sizes 
of the specimens used in the measurements 
were (3~4) x (0.6~0.7) x (0.02~0.1) cm®. 

The Hall voltages were measured by means 
of the three-probes method with primary di- 
rect currents up to 4A in the magnetic fields 
up to 20500 gauss. The electrical resistivities 


Table I 
; ‘ : Pi | packing factor 
atomic ratio C/Me | impurities as 
_waegaen 0.96 | free C(<0.5%), Fe(<0.126), 1.00 
others(<0.06%). 
LL@ — = 0.98 
HfC = = 0.96 
; We 0.7 free CK1%), Fe(x0.25%), | 0.94 
Si(<0.1%), Al(<0.16%). | 
NbC 0.97 Ta(~2%), C(0.1%), Ona 
Ti(~0.6%), Fe(~0.12). 
TaC 1.0 Nb(<1%), C(0.1%), 0.87 
Ti(~0.2%), others(<0.2%). | 
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were measured by the conventional method. 


§ 3. Experimental Results. 


As the specimens produced by sintering are 
porous, the correction of the measured Hall 
coefficients for the porosities of the specimens 
should be made on all of these sintered sam- 
ples. Discussing the relation between the 
measured Hall coefficient and the porosity of 
the sample, Juretschke et al.‘) derived the 
following relation: m=(1—tP)Ro/1—P), 
where Rm» is the measured coefficient, Ro the 
corrected one and P the porosity. But the 
difference between this relation and a more 
simple one Rn=Ro/(1—P), is so slight in the 
case of small P that we used the latter rela- 
tion for the correction of porosity. From the 
corrected Hall coefficients, the carrier con- 
centration were calculated according to the 
equation of one band model; 

AYE ii M 
Roe Ndo - Rme Ndm : 


where é is the electronic charge, M the formu- 
lar weight, do the density of the single crys- 
tal calculated from the lattice constant, dm 
the measured one of the sintered specimen, 
N the Avogadro’s number, and ” the number 
of the conduction electrons per chemical 
formula unit, MeC (a quarter of unit cell). 
The temperature dependence of the electri- 
cal resistivity and the Hall coefficient of 
titanium carbide were measured in order to 
confirm its metallic nature in conduction. 
The results, given in Fig. 1, show that the 
Hall coefficient does not noticeably vary and 
the electrical resistivity increases with increas- 
ing temperature. These facts show that 
titanium carbide is metallic. The same 
consideration may be extended to other 


I fh. 
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Fig. 1. Hall coefficient and electrical resistivity 
of ‘TiC. ° 


transition metal carbides. 

Table II lists the electrical resistivities, the: 
measured Hall coefficients, the corrected Hall 
coefficients, the apparent Hall mobilities and 
carrier concentrations at room temperature. 

As easily seen from the table, there are 
several striking differences between the fourth 
and the fifth group carbides. They are sum- 
marized as follows: 

i) The Hall coefficients of the fourth group: 
carbides are of the order of —10-* coul-! cm, 
while those of the fifth ones are of the order 
of —10-* coul-! cm%. 

ii) The apparent Hall mobilities of the 
fourth group carbides are larger than those: 
of the fifth ones. | 

iii) Calculating the concentrations of the | 
conduction electron on the basis of the one- 
band approximation, the conduction band is 
found to be almost empty for the fourth group: — 
carbides. While the fifth group carbides have 


nearly one electron per chemical formula | 
unit. 


Table II 
; measured Hall corrected apparent Hall | : 
| electrical coefficient Hall coefficient mobility conduction 
resistivity e electrons 
cm 3 2 

( Q cm) Fn( | x 104 Ral se ) x 104 aie f. 

HB coul coul volt-sec per formula 
ae 63 — 7.04 — 7.04 11 0.18 
Ade || 68 —19.4 —19.3 28.6 0.09 
HfC 65 —18.8 —18.1 28.9 0.09 
WC 98 — 0.97 — 0.91 0.99 LEZ 
NbC 58 — 1.80 — 1.28 Ba 1.04 
ac 103 — 0.73 — 0.64 0.71 22 
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§4. Discussion 


As described above, the fourth group mono- 
carbides with eight valence electrons have 
conduction electrons much less than one per 
formula; while the fifth group monocarbides 
with nine electrons have one or more electrons 
for conduction. These facts suggest that the 
nonconductive orbitals with the capacity of 
eight electrons exist in both groups of the 
carbides. These nonconductive orbitals may 
consist of the localized orbitals in carbon and 
of the bonding orbitals binding the metal 
atoms to the carbon atom. It may be con- 
sidered that the conductive band and the 
nonconductive band overlap each other. In 
this simple model of band structure, a rather 
small number of electrons (about 0.1/chemical 
formula) transferred from the bonding band to 
the conductive one contribute to the electrical 
conduction in the fourth group carbides. 
Whereas in the fifth group carbides, the con- 
ductive electrons may consist of the uppermost 
electron (the ninth electron) and of a small 
number of electrons transferred from the 
bonding band. 

The nature of the bonds of metal to carbon 
has been discussed by the several authors. 
In the sodium chloride structure, six carbon 
atoms octahedrally surround the metal atoms 
and the latter do the former vice versa. 
Since a carbon atom has only four valence 
orbitals, it is unlikely that the bondings with 
its nearest six metal atoms are to be formed. 
The concept on the electron-defficient bond 
was introduced by Rundle” in order to explain 
the above fact. He proposed that the reso- 
nance between sp- and p-bonds of the carbon 
atom led to the octahedral bondings with the 
metal atoms. On the other hand, for the bond 
formation of the metal atom with carbon 
atoms, the d’sp?-hybridized orbitals are to be 
used. Extending his consideration, Bilz’) has 
suggested a general band scheme of these 
carbides as shown in Fig. 2. Our experi- 
ments show that Bilz’s band scheme seems to 
be valid. 

According to Noguchi and Sato®’, it is pos- 
sible to understand the thermo-electric power 
of TiC and VC in terms of the free electron 
model. Their results may support the validi- 
ty of the one-band approximation for the 
electrical conduction in these carbides. 

But it is hard to understand why the ap- 
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ANTI- BONDING. 
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C (2s) 


STATE DENSITY N (E) 


Fig. 2. A proposed band scheme of monocarbide- 
with NaCl structure after Bilz. 


parent Hall mobilities of the fourth group» 
carbides are larger than those of the fifth 
group ones. Taking account of the fact that 
the thermal conductivity of the fourth group: 
carbides is larger than that of the fitth group: 
ones,®) we are interested indeed in the fact 
that the general features of the apparent 
mobility are analogous to those of the thermal 
conductivity. 

As above mentioned, some electrical proper- 
ties of the transition metal monocarbides with 
sodium chloride structure can qualitatively be 
interpreted on the basis of the band scheme. 
The samples used in our experiments, how- 
ever, may not be satisfactory because they 
were impure, not stoichiometric and further 
they were porous. Then any more quantita- 
tive discussion will be impossible until the 
measurements will have been carried out on 
more perfect samples and moreover on single 
crystals. 

The authors are greatly indebted to the 
members of Toshiba Tungalloy Co., Ltd. and 
of Nagoya Government Industrial Research 
Institute for their kindness to prepare the 
specimens. 
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Diffusion of Nickel in Silver* 


By Tokutaro HiroNE, Shigeto MiurRA and Toshiro SUZUOKA 


The Research Institute for Iron, Steel and Other Metals, 
Tohoku University, Sendar 


_ (Received July 18, 1961) 


The diffusion coefficient of nickel in single-crystal of silver has been 
measured by the lathe-sectioning technique as a function of temperature 
throughout the range from 750°C to 950°C using radioactive isotope Ni® 
as a tracer. The results are expressed as follows: 


4 800 
RT 


The value of activation energy, 54.8kcal/mole, obtained by the present 
experiment is in good agreement with the result of the screening theory 


_D=(21.9) exp (- : ) cm2/sec . 


of impurity diffusion. 


‘$1. Introduction 


Since Lazarus! and other authors?:®) put 
forward the screening theory of impurity 
-diffusion in metals, the diffusion coefficients 
of various impurity atoms in metals have 
been measured. The values of activation 
energies for diffusion in copper of the first 
transition elements and some neighbouring 
‘elements in the periodic table were found 
to increase in the order of Fe, Co, Ni and 
‘decrease from Ni to Zn and increase again at 
‘Ga-”, The results of these experiments are 
‘partly consistent with the screening theory, 
but many quantitative contradictions have 
been found. Such a discrepancy might be 
‘explained to be attributed to the s-d interac- 
tion and the variety of the electronic states 
‘of the solute atoms which has been hardly 
taken into account in the theory mentioned 
-above. In the case of impurity diffusion in 
‘silver, the experimental results are well repro- 
‘duced theoretically in the series of diffusing 
atoms, Cd, In, Sn, Sb as well as Zn, Ge. 


* A part of the expense of this investigation 
was supported by the Grant-in-Aid of the Funda- 
mental Scientific Research of the Ministry of 
‘Education. 


However, due to the lack of experimental 
results, the behavior in transition metals has 
not yet been clear. The purpose of the 
present research is to study the diffusion of 
nickel in silver. 


§2. Experimental Procedure 


Single crystals of 99.99% silver were used 
as specimen. A cylindrical crystal, about 1.5 
cm in diameter and 15cm in length, was 
grown in high-purity graphite crucibles in a 
vacuum furnace by means of the Bridgman 
method. This was set in a resin mould and 
cut into flat cylinders, 15mm in length, by 
a cut-off wheel. To avoid the influence of 
strains due to the cutting process, the worked 
surface layer, about 2mm in thickness, was 
removed by electropolishing. The surfaces 
were flattened by polishing with emery paper 
and again electropolished. The polished crys- 
tals were annealed in a vacuum furnace and 
it was confirmed that no  recrystallization 
occurred on the polished surface. An end 
surface of the specimen was then electro- 
plated with Ni** isotope containing no carrier. 
The amount of deposited nickel was calculated 
from the product of time and current-density 


} 
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of electroplating as to be 100 to 5004. 

The electroplated specimen was sealed in 
a quartz capsule which was filled with pure 
argon gas and set in a diffusion annealing 
furnace. The furnace temperatures were 
maintained constant within +0.5°C. After 
the annealing was completed, the specimen 
was quenched in cold water, then mounted 
on a precision lathe. To avoid the effect of 
surface diffusion, a layer about 1mm in 
thickness was first removed from the side of 
the cylindrical specimen. The specimen was 
then sectioned into many thin slices. Each 
slice thickness was determined from the slice 
mass. The thickness was checked by measur- 
ing the specimen length with a dial-gauge as 
well as the specimen weight before and after 
each sectioning. In order to measure the 
specimen weight after each sectioning, a 
specially designed chuck was used. The 
chuck could be dismounted from the lathe 
without taking the specimen off and re- 
mounted on the lathe so that the orientation 
of the specimen surface was reproducible. 
The chips were collected in a polystyren 
chamber surrounding the specimen and sec- 
tioning tool. Each collected mass ranged 
from 98.5% to 99.8% of each slice mass which 
was estimated from the diminution of the 
specimen weight due to each sectioning. 

Since the short-ranged pure beta rays 
emitted from Ni® are easily attenuated by 
the absorption effect, following method for 
the radioactivity measurement was adopted; 
each slice was entirely dissolved into 10N 
nitric acid, the amount of which was propor- 
tional to each slice mass, then a constant 
volume of the solution was poured in a count- 
ing plate of stainless-steel. The solution was 
dried and measured by using the 2z low back 
ground counter. Total error for counting 
decreased to about 1% by these processes. 


§3. Experimental Results 


The penetration curves for the six diffusion 
runs throughout the temperature range from 
950.2°C to 748.5°C are shown in Fig. 1. Each 
curve strictly linear between logarithm of 
specific activity and the square of the penetra- 
tion depth x in the region in which x is 
greater than 2./D?, but shows a deviation 
from the linearity near the surface. The 
diffusion coefficient was calculated from the 


Logarithm of Specific Activity (Arbitrary Units) 


850.3°C 


799.8°C 
748.5°C 


(Depth)* 


Fig. 1. The penetration curves for the diffusion | 


of Nis? in Ag. 
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950.2°C | 


9307°¢ | 


- 902.8°C 


(x10->cm?) 


Table I. Diffusion of Ni in Ag. 


| 


| Annealing 
Curve| Pemperature Tine I 
(°C) (sec) (cm2/sec) 

1 950.2 3.37 x 104 3.02< 10=9 

2 930.7 4.32 104 2.46 10-9 

3 902.8 5.72 x 104 1.49 10-9 

4 850.3 9.72 x 104 4.44 10-10 

5 799.8 2.60 x 105 1.62 x 10-10 

6 748.5 9.75 x 105 4.07 10-1 
logD 
-8 
-9 
-10 

\ 
8 9 \ 10 (x10°4) 


= 
Fig. 2. Diffusion data plotted as log D versus 1/T. 


yw 
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‘slope at the region of x greater than 2,/ Dt. 
The error in the D-value was estimated to be 
5%. The diffusion coefficient D obtained 
from these penetration curves, together with 
annealing time ¢ and temperature are given 
in Table I. Fig. 2 shows the temperature 
variation of the diffusion coefficient. As one 
-can see from the curve in Fig. 2, the diffusion 
-coefficient can be perfectly expressed by the 
Arrhenius relation, 


Based on the above results, the value of the 
frequency factor Do and the activation energy 
Q are calculated by the method of least-square 
.as to be 


Q=(54.77 £0.50) x 108 cal/mole , 
Do=21.9+4.7 cm?/sec . 


-§4. Discussion of the Results 


The activation energy for the diffusion of 
Ni® in silver obtained by the present experi- 
ment is shown by a dotted circle in Fig. 3, 
-which summarizes the activation energies for 


8 


Q in copper 


Activation Energies (Kcal/mole) 
3 


§ 


Theoretical result 
by Lazarus 


| eZ Ss 4 
(As) 


33 2 -l O : 
(Fe) (Co) (Ni) (Cu) (Zn) (Ga) (Ge) 
Excess Valerice Z 


@) Results of the authors’ present experiment 


[|] Activation energy for the self-diffution of 
silver 


x Theoretical result by Blatt 
Fig. 3. Calculated and experimental activation 
energies for impurity diffusion in copper and 


silver plotted as a function of excess valence 
Z. 
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impurity diffusion in copper and silver as 
functions of valence difference Z of solute 
atoms as compared with solvent metals. For 
obtaining the valence difference, the atomic 
cores of disolving transition elements in silver 
or copper are considered to take a closed 
configuration (d'°). As is seen in Fig. 3, the 
diffusion of Ni®? in. silver has an activation 
energy lying between that for self-diffusion 
of silver and that for Co® in silver®-™. Fig. 
3 also shows that the Q-Z curve is convex 
to the valence axis at the positive Z side, 
and by taking into account the result of the 
present experiment, it can be seen that the 
Q-Z curve is concave at the negative Z side. 

For the diffusion of the first transition 
elements in copper, the curve shows a similar 
tendency to silver, but this tendency is more 
pronounced than in silver. From the assump- 
tion that the ions of these elements have a 
constant screening radius in silver, the activa- 
tion energies linearly increase as Z decreases, 
as shown by Lazarus. Also it has been 
proposed by Blatt that if the screening radius 
increases with decreasing Z, the value of Q 
increases allowing a convex form to the 
valence axis as shown in Fig. 3. Although 
the results of the present experiment and 
those by other workers are partly consistent 
with the result by Blatt, the curvature to the 
valence axis was not consistent and all the 
calculated values by Blatt are always smaller 
than experimental values except for Fe in Ag. 
Such a discrepancy suggests the underestima- 
tion of the screening radius in Blatt’s theory. 

It may be worth noticing that the frequency 
factor Do obtained by the present experiment 
is large compared with the theoretical expec- 
tation. According to Zener’s theory"), the 
relation between Dy and Q is given as follows: 


Do=a@v exp (ABQ/RT n) , 


were a is the lattice constant of the solvent 
lattice (a@=4.0856A), » Debye frequency 
(v=4.5 x 10'?/sec), 4 a numerical constant, 0.55, 
Tm the melting point of solvent metal 
(Tm=1234°K) and 8 is defined by 


B= —d(e/")/A(T/Tm) , 


(“ is the shear modulus, so the shear 
modulus at absolute zero of the temperature). 
B takes a value 0.45 for diffusion of electro- 
negative impurities in silver!.!®, Putting 
these values in the above equation one obtains 
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a value for the frequency factor 
Do=1.9 cm?/sec . 


This value is about one-tenth as large as the 
experimental one. Such a discrepancy has 
been observed also in the diffusion of Ru 
nd Co” in silver. Its origin will be discussed 
in a future paper. 


The present authors wish to express their 
cordial thanks to Mr. H. Yamamoto for his 
kind advice throughout the work. 
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Diffusion of Thallous Ions into Potassium Bromide Single Crystals 


By Tokumichi TAMAI 


Research Laboratory, Matsushita Electronics Corporation, Takatsuki, Osaka 
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The diffusion of thallous ions into potassium bromide single crystals 


has been measured as a function of temperature. 


The thallous ions were 


introduced into the crystal by heating the latter in a vapor of thallium 


metal. 


Concentrations of thallous ions were measued by the height of 


the characteristic absorption band of a thallous ion in a potassium bromide 


crystal. 
ions. 


$1. Introduction 


Several papers have been published on the 
diffusion of various metal ions into alkali 
halide single crystals”. For the measurements 
radioactive tracers were mainly used. The 
author has investigated the diffusion of thallous 
ions into KBr single crystals by measuring 
the height of the absorption band at 261 my, 
which is known from KBr-Tl phosphors’). 
A comparative study of the absorption spectra 
of KBr single crystals with added Tl and 
KBr-Tl phosphors has shown that these 
spectra are exactly alike. 

The method of evaluating concentrations 
by measuring the height of the characteristic 
absorption band was applied in combination 


This height varies linearly with the concentration of thallous 
Activation energy of the diffusion was 1.98 eV. 


with Mizuno’s technique of repeatedly polishing 
off thin layers of the crystal surface in order 
to measure concentration gradients’). In this 
way the diffusion constants at different tem- 
peratures could be calculated. The assumption 
that the metal concentration is proportional 
to the height of the absorption band was 
verified by the polarographic analysis of Tl* 
ions in KBr-T1 phosphors. 


§2. Experimental Procedures 


KBr single crystals were grown from the 
melt by the well-known Kyropoulos method. 
The crystals were heated at various tempera- 
tures in a quartz tube in the atmosphere of 
saturated Tl vapor. After quenching the crystal 
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the absorption spectra were measured at room 
temperature. Taking the height and width 
of the absorption band as a measure for the 
Tl* ion concentration, an estimation of the 
concentration at any distance x from the 
surface was made in the following way: 

1) The absorption coefficient of the 261 my 
band was measured every time after repeatedly 
taking off a layer of several to 20 microns 
from the exposed surface by polishing it with 
red ochre on a silk cloth. 

2) The mean absorption coefficient of the 
261my band of the removed thin layer was 
determined by 
_Aa—-C: 

Ln coal 

where C: is the measured absorption coefficient 
before polishing, C2 the measured absorption 
coefficient after polishing, and dx the thickness 
of the removed layer. 

3) The concentration of Tl+ ions was 
derived from the absorption coefficient and 
band width by Smakula’s formula’) assuming 
the oscillator strength to be 0.073. 

This procedure was repeated to a depth of 
50 to 500 microns from the exposed surface. 
Fig. 1 shows a typical example of decreasing 
absorption with decreasing thickness of the 
crystal. The absorption measurements were 
carried out on an automatic recording 
spectrophotometer at room temperature and 
the corresponding values of the thickness 
were read on a micrometer with direct reading 
to lmicron. The temperatures of the diffusion 
of T1+ ions were controlled by an automatic 
regulator with tolerance of 0.5%. The 
temperature range in the experiments was 
extended from 520°C to 700°C. Each measured 
value of the concentration of Tl*+ ions was 
plotted in the middle of a thin layer. Plots 
of logarithm of the concentrations of Tl* ions 
versus depth are shown in Fig. 2. 

The migration of Tl*+ ions into the crystal 
during the heat process is determined by 
solving a simple Fick’s equation: 


on an 
lS (ere g RAs 
ot Ox?! ey 
where D is the diffusion constant. 

The concentration m of Tl* ions in the 
surface of the crystal is estimated from the 
density N of the Tl atom in the vapor phase 


assuming a distribution coefficient «. That is 
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Thickness of polished-off thin layer of 
the crystal surface 

No. 1 0.048mm No. 4 0.068mm | 

2 0.055 5 0.076 | 

3 03062 6 0.086 


Fig. 1. Characteristic absorption band of Tl+ iom 
in a KBr single crystal heated at 595°C, 7H. 
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Fig. 2. Logarithm of concentrations of T1l+ ions. | 

versus distance from the surface of the crystal. 

The value near the surface is obtained by 
extrapolating the data in Fig. 3. 


No=KN « (2} | 
The solution of Eq. (1) is given by 
n=m erfc [x/2(Dt)/7] , (3) 
which gives 
dn __— ™ ; 
enter exp (—x?/4Df) . (4) 


The diffusion coefficient D of the thallous 
ions was obtained from the plot of logarithm 
of the derivative of the concentration of ions 


20 
aie 20 


40 60 80 
(PENETRATION DEPTH)® x107 5m 
Fig. 3. Logarithm of the derivative of the 

concentration of Tl+ ions versus square of 
penetration depth for 595°C, 7H. 
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Fig. 4. Plot of the logarithm of diffusion coef- 
ficient versus the inverse of absolute temperature. 


as a function of the square of distance, x’, 
of the layer from the surface of the diffusion 
sample. Such plots yield straight lines as 
shown in Fig. 3. 

The diffusion coefficient of the Tl* ions in 
the crystal at various temperatures is given 
by 

D=Do exp (—E/kT) , G5y) 
where E is the activation energy of the 
diffusion, Do is a constant, k is the Boltzmann 
constant, and T is the absolute temperature. 

In Fig. 4 the logarithm of the diffusion 
constant is plotted as a function of the inverse 
of the absolute temperature, from which the 
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activation energy of the diffusion is derived 
as 1.98eV and Do=47 cm2/sec. That is 


D=47 exp (—1.98/kT) (cm? sec"). 


§3. Oscillator Strength of the 261 my 
Absorption Band 
The oscillator strength of the 261my 


absorption band of KBr-T1 phosphors is 0.073 
at room temperature. Single crystals were 
prepared by dissolving a small quantity of 
TlBr in the melt of KBr and growing up by 
the Kyropoulos method. Concentrations of Tl+ 
ions were 0.01, and 0.1mol % in the melt. 
The crystal was cleaved to a size of 10x10 
x0.5mm, and the absorption coefficient was 
measured with the above-mentioned spectro- 
photometer at room temperature. The shape 
of the 261my absorption band was clearly 
asymmetric and Smakula’s constant*) was 
equal to the value of double Gaussian shape, 
which is 1.0645 within experimental error. 
The concentrations of Tl*+ ions in the above 
sample were measured by the polarographic 
analysis. Fig. 5 shows the relation of the 


(o) { 2 3 4 5 x10'6 


Fig. 5. Ordinate Ny» is the concentration of T1+ 
ions as determined by polarographic analysis. 
Abscissa N, is the same concentration as 
derived from the absorption band, assuming 
the oscillator strength to be unity. 


concentration of Tl* ions and the absorption 
coefficients. Yuster et al.®) have reported 
the oscillator strength of the corresponding 
absorption band of KI-Tl as 0.17 at liquid 
nitrogen temperature. The present value of 
KBr-Tl is smaller than the one of KI-TI. 
The accuracy of the oscillator strength of 
KBr-Tl was within 10%. 


§ 4. Discussion 


As shown in Fig. 2, the concentration of 
Tl+ ions in the KBr crystal was of the order 


2462 


of 102°cm-* near the surface of the crystal. the Tl* ions in the crystal at the following | 


This means that one Tl* ion exists per 100 
K+ ions. In such a case, other thallium 
activated alkali halide phosphors, for instance 
KI, NalI®, show another characteristic absorp- 
tion band which corresponds to paired thallous 
ions. But in KBr there was no evidence of 
such a new absorption band even in the 
above-mentioned concentration, and the band 
width was equal in all cases. It is reasonable 
to conclude that the absorption coefficient 
varies linearly with the concentration of Tl* 
ions in the region covered by our experiment. 
Of course this was only verified in the case 
of rather low concentrations, say, of the order 
of 1018 cm-?. 

The thallium diffusion process differs from 
the process of additive coloring in so far that 
no absorption band corresponding to an F 
band is observed. In the outer phase of the 
crystal there is Tl vapor and inside the crystal 
there are Tl* ions which are apparent from 
the characteristic absorption band of a Tl* 
ion. However no evidence of other phenomena 
occurs. 

It is reasonable to assume that the thallous 
ion is introduced according to the following 
cycle”. 

1) Remove K+ and Br- ions from the body 
of the crystal; the work Wkxpr is the lattice 
energy per ion pair of a KBr crystal and is 
of the value of 6.9 eV. 

2) Remove an electron from a thallium 
atom; the work is /~7, where /7 is the ioni- 
zation potential with the value of 6.106eV. 

3) Add the electron to the Kt ion; the 
work is given by —Jx, where Jx is the ioni- 
zation potential with the value of 4.34eV. 

4) Place the Tl+ and Br- ions on the 
surface of the crystal; the necessary work is 
—Wripr, where Wripr is the lattice energy 
per ion pair of TlBr in the KBr crystal. 

The sum of all these energies is the energy 
W required to introduce a Tl* ion into the 
crystal, thus 

W= Weer—- Wrert+In—Ik , 
where only Wvripr is unknown. 

The concentration of dissolved Tl* ions 
was about 210° per cm? near the surface of 
the crystal at 595°C. At this temperature 
the density of Tl atoms in the vapor phase 
is of the order of 10'° percm®. The Tl atoms 
in the vapor phase will be in equilibrium with 


(6) 
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rate: 
Concentration of the Tl* ions in the crystal 
Density of the Tl atoms in the vapor phase 
=x=exp(—W/RT) , 
from which follows W=—0.94 eV. 
Using Eq. (6) we find 
Wripr=9.6eV . 


This is the binding energy that the Tl* and | 


Br- ions introduce into the KBr crystal. 


The concentrations of various impurities in | 


the KBr single crystal were measured by 


means of spectroscopic analysis and these 
were tabulated in Table 1. The concentration 


Table 1. Impurity concentration in KBr. 
Impurity | Ca Na Mg Si Al 
Concentration | 10-5 10-5 10-8 10-6 10-8 


(less than) 


of impurities in the crystal was less than the 
concentration of Tl* ions in the scope of the 
present experiments. 

Migration of Tl* ions will occur by exchange 
with positive ion vacancies. That is the same 
process as in the case of self diffusion of K+ 
ions in the KBr crystal. 

Let the molar fraction of cation vacancies 
be y and let wo be the probability per unit 
time that a Tl* ion will jump from one 
position to any other position. If a@ is the 
anion-cation separation, then the diffusion 
coefficient is® 


D==a'woy : 


In general the correlation effect of the diffu- 
sion must be taken into account; in an 
NaCl type lattice this factor is 0.781. Thus, 
in this case, we have 


D=0.26a?woy . 


Let Ws be the activation energy of the Schottky 
defect, then 


y=B+C exp (— W;/2kT) , (7) 


where B is the molar fraction of cation 
vacancies induced by the divalent ions, mainly 
Ca** ions as shown in Table 1, and is of the 
order of 10-°. C is an entropy factor of the 
Schottky defect. The value of W,/2 is 0.96 eV. 
The second term on the right-hand side of 
Eq. (7) is of the order of 10-* at 595°C, 
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sassuming the value of C to be 10. So B can 
‘be neglected as compared with 


C exp (— W;/2kT) . 
The diffusion probability 2. is written as: 
Wo=vexp(—U/kT), 


‘where » is the vibrating frequency of the Tl+ 
ion and U the energy barrier of the diffusion. 
“Therefore we have 

D=0.26a?vC exp {—(Ws/2+U)/kT} . 

In the case of a Tl* ion the activation 
-energy of the diffusion was 1.98eV, so the 
value of U of a Tl* ion is 1.02eV. The 
corresponding value of a K* ion ina KBr single 
-crystal is 0.30eV. The difference between 
these two values will depend partly on the 
‘difference of ionic radii of these ions. The 
influence of the divalent ions to the diffusion 
-constant is significant at rather low temper- 
atures, and in the present experiment the 
‘discrepancy of the experimental data from 
the straight line will depend on the above 
«effect as shown in Fig. 4. 
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The diffusion of color centers into a KRBr-Tl phosphor has been 


investigated during a coloring process in potassium vapor. 


Proceeding 


from the surface to the interior of the crystal, F-centers, complex centers, 


and Tl neutral centers were observed successively. 


The boundary 


between the crystal region containing these centers and the rest of the 


crystal containing only Tl+ ion centers was very distinct. 


The depth 


of the front surface of diffusing Tl neutral centers was proportional to 


the square root of exposure time. 


Complex centers were composed of 


a Tl neutral center, a negative ion vacancy and an electron. 


$1. Introduction 

Additively colored KBr-Tl phosphors have 
been investigated by several authors. Mark- 
ham et al.’ reported that the presence of Tl* 
ions did not influence the width of the F-band 
when the concentration of Tl*+ ions was less 
-than 10'%cm-8, whereas in heavily doped 


KBr-Tl phosphors F-centers could not be 
formed by additively coloring process. Stasiw” 
assumed an absorption band of thallium 
neutral centers, even in the case of the 
above-mentioned high concentration, and he 
proposed a complex center with an absorption 
band peaked at 3eV. Castner and Kanzig® 
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reported that in a KCI-Tl phosphor irradiated 
by X-rays, the Tl* ions act as electron traps 
and thus prevent the recombination of electrons 
and holes produced by X-rays. 

The author has investigated the coloring of 
a KBr-Tl phosphor during a heat process in 
potassium vapor. After adequate coloration 
of the KBr-Tl phosphor, three kinds of ab- 
sorption centers were observed, namely F- 
centers, Tl neutral centers and complex 
centers. In the interior of the crystal a region 
of Tl+ ions remained. The boundary between 
the regions of the crystal containing Tl* ions 
at one side and the above-mentioned three 
centers of the other side was very distinct. 

The TI neutral centers showed an absorption 
band with a flat part at the higher energy 
side of 4.15eV. The complex centers had 
an absorption band peaked at 3.leV. The 
Tl neutral center was more stable than the 
other two centers. After heating the crystal 
these centers disappeared and a new Tl*+ 
center appeared. : 

The migration of the boundary is expressed 
by Fick’s equation, from which follows that 
the penetration depth of the boundary should 
be proportional to the square root of the time 
of the heat-treatment. 


§2. Experimental Procedures 


After dissolving a small quantity of T1IBr 
in the melt of KBr, single crystals of KBr-T1 
were grown by the well-known Kyropoulos 
method. Concentrations of Tl+ ions were 
respectively 0.8 10'®, 1x10” and 4x 10!7 cm-3, 
determined by a polarographic analysis. 

The crystals were heated in a quartz tube 
in an atmosphere of saturated potassium vapor 
at various temperatures and for various hours. 
The temperature was controlled by an auto- 
matic regulator with a tolerance of 0.5%. 
After quenching the crystals, thin layers of 
about 0.5mm _ thickness were successively 
cleaved off from the surface and the absorption 
spectra of these thin layers were measured 
by an automatic recording spectrophotometer 
at room temperature (Fig. 1). The absorption 
curve 1 in Fig. 1 is composed of three bands 
as shown in Fig. 2. Curve 3 was taken near 
the boundary surface of the crystal and this 
was an absorption band of Tl neutral centers. 

As shown in Figs. 1 and 2, near the surface 
of the crystal the absorption band of F-centers 
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Fig. 1. Absorption spectra of the thin layers of | 
the crystal heated at 540°C for 2 hours. Curves: 
1, 2 and 3 were taken at 1.2, 3.0 and 7.1 mm 
depth from the exposed surface, respectively. 
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Fig. 2. Curve 1 in Fig. 1 is represented as the 
combined absorption of 1: F-centers, 2: complex. 
centers, and 3: Tl neutral centers. 
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Fig. 3. Concentration gradients of various ab-- 
sorption centers as a function of the distance. 
from the exposed surface of the crystal heated 
at 540°C for 2 hours. 1: F-centers, 2: Tl neutral 
centers, and 3: complex centers. 


was observed and more inside the crystal’ 
a flat band peaked at 4.15eV was observed. 
This flat band corresponds to Tl neutral 
centers as mentioned by Stasiw. Between 
these two bands was observed an intermediate- 
band with a maximum at 3.leV. Concen- 
tration gradients of these three bands are- 
Shown in Fig. 3, assuming that for each kind: 
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*of center the concentration is proportional to 
the height of the corresponding absorption 
band. As shown in Fig. 3 a front surface of 
‘Tl neutral centers is very distinct. At the 
‘inner side of this surface only TI*+ centers 
sare present. 

The height of the T] neutral band near the 
front surface was proportional to the concen- 
‘tration of Tl* ions before the heat-treatment. 
The penetration depth X of the front surface 
of the Tl neutral centers was plotted as a 
function of the square root of exposure time, 
as shown in Fig. 4. It appears that the 
‘penetration depth of the boundary is propor- 
tional to this square root of exposure time. 

When a -crystal containing the above- 
‘mentioned three centers was heated at 450°C, 
most of the F-centers and complex centers 
disappeared after 17 minutes. After 37 minutes 
the absorption band of Tl* ions appeared and 
finally only this absorption band of TI* ions 
‘was observed (Fig. 5). There was no change 
in the concentration of Tl* ions before and 
after the additively coloring process. 


ot 


PENETRATION DEPTH (mm) 


° 


° 2 4 6 8 10 


(time) 2 (min) 


Fig. 4. Penetration depths of the front surface of 
Tl neutral centers are plotted as a function of 
the square root of heating time. Temperature: 
500°C. 


5 sak gy eter 3 i Zev) 


Wig. 5. Thermal effect on the crystal. Thickness 
of the crystal was 0.42mm. 1: initial absorption 
curve, 2: after 17 minutes at 450°C, and 3: 
after 97 minutes at 450°C. 
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§ 3. Discussion 


Near the surface of the crystal the additively 
coloring process of a KBr-Tl phosphor will 
be very similar to the additively coloring of 
a KBr single crystal. This process is the 
diffusion of negative ion vacancies into the 
crystal accompanied by the formation of F- 
centers which are negative ion vacancies 
occupied by an electron. Inside the crystal, 
however, the process will be quite different. 
From the experimental results, obtained with 
Tl-doped KBr phosphors, we shall try to 
explain what happens to the F-centers under 
the influence of the Tl* ions. 

By measuring the characteristic absorption 
bands of Tl+ ion centers and Tl] neutral 
centers it was verified that during the heat 
process each of TI* ion centers captured an 
electron and formed the neutral and complex 
centers which were mentioned above. It 
seems reasonable to assume that the electron 
was released from a potassium vapor atom 
at the surface of the crystal and trapped by 
the Tl+ ion. To maintain a charge neutrality 
of the crystal a negative ion vacancy will be 
formed and most probably in the environment 
of the Tl neutral atom. Thus the Tl neutral 
center will be created. 

F-centers and complex centers only appeared 
in crystal regions where Tl* ion centers were 
already transformed into Tl neutral centers. 
The nature of the complex center may be 
understood by the concentration characteristics 
of Fig. 3. If the diffusion of the thallium 
can be neglected the total concentration of 
Tl+ ions and Tl neutral centers should be 
constant over the crystal because before the 
additive coloring process the concentration of 
Tl*+ ions was constant. As there are no Tl* 
ions left in the region near the surface and 
as the Tl neutral centers increase with the 
distance from the surface, the decreasing 
complex centers should be combinations of 
Tl neutral centers with something else. As 
there are no F-centers in this region of the 
crystal where we would expect a normal 
F-center concentration, it may be assumed 
that the complex center is composed of a Tl 
neutral center, a negative ion vacancy and 
an electron. 

An evidence for the assumption that during 
the heat process the diffusion of Tl] neutral 
centers can be neglected was found in the 
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absorption bands after a second heat-treat- 
ment. During such a heat-treatment as 
mentioned above (Fig. 5) F-centers and com- 
plex centers disappeared almost at the same 
time and finally the transition of the remaining 
Tl neutral centers into Tl+ ion centers was 
observed. 

From the present experiment it can be 
concluded that the diffusion of the electrons 
occupying negative ion vacancies plays the 
major role during the heat process, whether 
they appear as F-centers or as complex 
centers. It was remarkable that the boundary 
surface between the crystal regions containing 
Tl neutral centers at the one side and Tlt 
ion centers at the other side was very distinct. 
The thickness of this transition layer was 
less than 0.05mm. As the electron occupied 
negative ion vacancies only occur in the 
region where the Tl* ion is neutralized, this 
boundary surface marks at the same time 
the penetration depth of these vacancies. An 
estimation of the penetration depth may be 
given. Suppose that the diffusion rates of 
F-centers and complex centers are equal, then 
the migration of the centers into the crystal 
during the heat process is determined by 
Fick’s equation?) 

2 

iG 
where 7 is the concentration of the centers 
and D is the diffusion constant. Let the 
density of potassium atoms in the vapor phase 
be No, then it is convenient to write 

N=krNo 

for the concentration of F-centers at the 
surface of the crystal, where « is a propor- 
tionality factor®. 

The boundary conditions for solving Eq. (1) 
are the following; 


1) n=kNo for s=0)., 
independent of the time, 
2) n=0 for Lge 
independent of the time, 
on ax 
3 DSS = 
) a 7H for Sk 5 


where m is the density of Tl+ ions in the 
crystal. 


The solution of Eq. (1) under the condition 
(1) is given by 
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= 2 pes2 ii 2)» 

n=«No Acta leaatr| (2) 

where A isa constant. Condition (2) requires. 
xX ee | 
N,—Aerf aw z|=9. (3) | 


Since Eq. (3) has to be satisfied for all values. | 
of the time, X must be proportional to #1”, | 
that is: 

A= 2A (Dies (4) | 
where 2 is a numerical constant to be deter- _ 
mined from the remaining condition (3). 
Substitution of Eqs. (2) and (4) in Eq. (3) | 
gives 


2 — «No _ 
Aexp 2? erf 2 Seo Hi 


When 2 has been calculated from Eq. (5), : 
can be written down from Eqs. (2), (3) and 
(4). That is 


: /2 
n=rNo1 erf [x/2(Dt)! i 
erf 2 (6) 
at nO<ricGy 4 
n=0 at Bao s 


As n is the concentration of the combi- 
nations of a negative ion vacancy and an 
electron, Fig. 3 will be qualitatively explained 
by Eq. (6). From Eq. (4) follows that the 
depth of the front surface of the Tl neutral 
centers is proportional to the square root of 
the time of the heat process which is in 
agreement with the experimental graph of 
Fig. 4. 
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The thermal conductivity of sodium nitrite single crystals has been 
measured in the temperature range of 70~190°C along the direction of 
three crystal axes. Thermal conductivities in the }- and a-directions show 
a gradual decrease on heating, over a rather wide temperature range of 
some fifty degrees below the transition temperature. This decrease has 
been analyzed as an additive thermal resistivity with the help of a measure- 
ment at lower temperatures. Any anomalous behavior has not been found 
in the temperature dependence of thermal conductivity in the c-direction. 
A tentative model of the order-disorder arrangement of NO,~- radicals is 
proposed for the explanation of the origin of the additive thermal resis- 
tivity, in which uneven interatomic forces due to the disordered arrange- 
ment are considered as scattering centers of phonons. The predicted 
temperature dependence is in a qualitative accord with the experimental 


one. 


Introduction 


§1. 


In insulating crystals, heat is transported 
by lattice waves and at relatively high tempera- 
tures the thermal resistance is due mainly to 
phonon-phonon scatterings originated from the 
anharmonicity in the interatomic binding 
forces. Many other scattering processes of 
phonon, however, are possible in all real 
crystals. Any irregularities of the lattice, such 
as impurities, vacancies, interstitials and dislo- 
cations may scatter phonons and hence increase 
the thermal resistance. The effect of lattice 
imperfections on the thermal conductivity has 
been studied to a certain extent by many 
workers in both dielectrics and metals. The 
measurement of thermal conductivity appears 
to supply us with a valuable means of study. 
ing the nature of lattice imperfections. 

In cases of crystals having complex structures 
other factors are involved which may influence 
the thermal conduction, because the complexi- 
ty in lattice structure leads to an intricate 
behavior of lattice vibrations and hence to a 
complex interaction of phonons with each other. 
Intramolecular radicals may in many cases 
play a decisive role in the phase transition, 
and any change in the state of orientation, 
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rotation or vibration of them are observed, 
in general, as an anomalous specific heat or 
anomalous coefficient of thermal expansion or 
others. Anomalies in the thermal conductivity 
accompanying the phase transition have been 
observed by several workers!-®. 

The present work is concerned with the 
thermal conductivity of sodium nitrite NaNO, 
a substance which has recently been found to 
be ferroelectric”. 

The crystal structure of sodium nitrite has 
been investigated by many workers®-™. At 
room temperature it belongs to the space group 
C2(Im2m), and the orthorhombic unit cell 
contains two molecules of NaNO:z, the lattice 
constants being a=3.56A, b=5.56A and c 
=5.38A, respectively. The crystal is com- 
posed, presumably not in the most closely 
packed state, of Nat ions and NO:~ radicals. 
The latters are not linear but of the “V”’ 
form, the nitrogen atom being a little deviated 
from the midpoint of two bonding oxygen 
atoms. Thus the NO: radical is an asym- 
metric top elongated parallel to the O-O direc- 
tion. The apex of the ‘“‘V’’, the nitrogen 
atom, will hereafter be called the head of the 
radical. The room-temperature phase which 
is polar and ferroelectric assumes such an 
arrangement that each radical points its head 
to the same sense in the b-axis, the O-O direc- 
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tion being parallel to the c-axis. Two NO:- 
radicals belonging to one unit cell possess the 
corner and body-center-positions. On a line 
parallel to the b-axis NO:- radicals and Nat 
ions take their positions alternatively. Fig. 1 
is a schematic sketch of the molecular stack- 
ing in the polar phase. 


Cc 


4 j 
Fig. 1. A schematic bird-eye sketch of the 


molecular stacking of NaNO, crystal in the polar 
phase. ; 


Above the phase transition temperature 163°C 

the crystal acquires a mirror plane perpen- 
dicular to the 6-direction, the space group 
changing to D%(Immm). 
- The exact mechanism of the phase transi- 
tion still remains uncertain, but it is generally 
believed that the orientation of NO:- radicals 
takes the most important role in the problem. 
A possibility of some change in the thermal 
conductivity is therefore expected, arising from 
the scattering of phonons by irregularities of 
lattice due to the onset of disorder in the 
orientation of NO2- radicals. The main purpose 
of the present work was in the investigation 
of the such radical orientation on the thermal 
conductivity. 


§2. Preparation of Specimens and Measure- 
ment 


Considerably large single crystals of sodium 
nitrite were obtained by the slow cooling of the 
melt of raw material. Sodium nitrite of specially 
pure grade was used as the raw material, after 
having been dried in 10-?mmHg vacuum at 
about 120°C for several days. An alumina 
crucible of 10cm in diameter filled with the 
raw material was set in a vertical electric 
furnace, in which a large temperature gradient 
existed, and after having been maintained at 
a temperature a few ten degrees higher than 
the melting point (271°C) for several hours, 
it was pulled up slowly (ca 6 cm/day) by a low- 
speed synchronous motor. It did not succeed 
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to crystalize the whole content toa single one. | 


The largest single crystal obtained by cleav- 
ing the content was a parallelepiped with the 
edges of about 3cm in length. 
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The crystals were yellowish and transparent, | 
and were cleaved along the (101) plane’”’, and | 


the double refraction was conspicuously ob- 
served in so cleaved parallelepiped crystals. 
Sizes and characteristics of specimens are listed 
in Table I. 


Table I. Sizes and characteristics of specimens. 
Specimen A(cm?) U(cm) ee 
cm cm of heat 
number s Abw 
No: 1 0.405 0.50 {101] single 
d(cm) 
No. 2 0.369 {010] single 
No. 3 0.288 {100] single 
No. 4 0.300 [001] single 
No. 5 0.2301 [021] nearly 
single 


not exactly 


A: cross-sectional area, 

1: distance between two points at which the 
temperature was measured, 

d: thickness. 


The orientation of crystal was determined 
by 1) cleavage planes and 2) fine stripes parallel 
to [001] observed on the (010) plane of crystals 
etched by water or ammonia water?®). 

A measurement at temperatures lower than 
room temperature was made on the specimen 
No. 1 using the direct method. Thermal con- 
ductivities of other specimens were measured 
by the comparative method at temperatures 
higher than room temperature. Apparatuses 
and details of measurement have been de- 
scribed previously®. The printed-heater 
method adopted for ceramic specimens was 
made impossible for sodium nitrite by a snapp- 
ing-off of the heater wire at low temperatures 
Owing perhaps to its rather large coefficient 
of thermal expansion. Therefore a constantan 
wire of 0.2mm in diameter lapped densely on 
one end of the specimen was used as the heater 
instead. The heater was varnished in for the 
improvement of thermal contact with the 
specimen. 

The heat loss by radiation from the surface 
of the specimen comes out to be a serious 
obstruction to the direct measurement, es- 
pecially at temperatures higher than room 
temperature. The heat leak due to-radiation 
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Qraa reached at 40°C, for example, 18% of 
the total heat current Q given to the specimen. 
The thermal conductivity « was not determined 
by use of 


I 
» AAT 
where A is the cross-sectional area of the 
specimen and JT is the temperature difference 
at two points separated by / longitudinally in 
the specimen, but from the gradient of a 4T 
—Q line as shown in Fig. 2. This procedure 


K 


Q, (1) 


Temperature difference (deg-) 


(0) 
O 10 20 30 40 
Heat input (mw) 


Fig. 2. An example of low-temperature measure- 
' ment; temperature difference 4T vs heat input 


Q. 


was effective in the alleviation of the error 
brought about by the radiation loss, though 
only at the cost of the accuracy of the measure- 
ment of the average temperature of the 
specimen. 


§3. Result of Measurements 


In Fig. 3 is shown the temperature de- 
pendence of thermal conductivity of the speci- 
men No.1. The thermal conductivity decreases 
with increasing temperature, nearly obeying 
1/T law, which can be seen more clearly in 
Figs. 9 and 10, where the thermal resistivity 


mn deg) 
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onductivity (MV, 
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Ui 


Thermal 


-100 oO 
Temperature (°C) 


-200 


Fig. 3. Thermal conductivity of NaNO, at low 
temperatures ; speimen No. 1 along [101]. Open 
circles: first run; solid circles: second run. 
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Fig. 4. Thermal conductivity of NaNO,; specimen 
No. 2; along [010]. Circles: on heating; 
crosses: on cooling; common to all following 
Figs. 
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Fig. 5. Thermal conductivity of NaNO: ; specimen 
No. 3; along [100]. 
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Fig. 6. Thermal?conductivity of NaNO, ; specimen 
No. 4; along [001]. 


20} 
‘i by inal ESRI. | 
10 
“4 a4 
50 100 150 200 


Temperature (°C) 


Thermal conductivity (mW/cm.deg.) 


Fig. 7. Thermal conductivity of NaNO; ; specimen 
No. 5; nearly along [021]. 


W vs temperature is plotted. Figs. 4, 5 and 
6 show respectively the temperature de- 
pendences of thermal conductivity along the 
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b-, a- and c-axes (specimens No. 2, No. 3 and 
No. 4). A gradual decrease in the thermal 
conductivity is seen in the b- and a-directions 
but not in the c-direction. This decrease is 
also perceived for the specimen No. 5, as is 
shown in Fig. 7. 


§4. Discussions 


4.1. Magnitude of Thermal Conductivity 

From the experimental result that the thermal 
conductivity of sodium nitrite crystal nearly 
obeys the Debye 1/T law it is inferred that 
the normal part of the thermal conductivity 
is due to the flow of phonons which are scat- 
tered through the Umklapp-process. 

A crystal of NaNO: containing G molecules, 
each with 4 atoms, has 12G degrees of freedom. 
Of these 12G modes, there are 3G degrees of 
freedom related to the translational motion 
(accoustical modes) and 3G to the relative 
motion of Na*+ ions against NO: radicals 
(optical modes). Of the remaining 6G modes, 
3G are associated with the rotational motion 
of NO:~ radicals and 3G with the deformational 
motion of them. Frequencies of the last 3G 
modes, degenerated G-fold, have been de- 
termined by the Raman effect!*) or by the 
infrared absorption") to be 1330cm 7! (asym- 
metric stretching), 1250cm-! (symmetric 
stretching) and 800cm~! (bending), respectively. 
Characteristic temperatures corresponding to 
them are 1910°K, 1790°K and 1150°K, re- 
spectively, which fact shows that these modes 
are scarecely excited thermally in the tem- 
perature range which we are now considering, 
or that NO: radicals can be considered as 
rigid bodies. Then the crystal resembles an 
ionic one composed of two interpenetrating 
body-centered orthorhombic lattices of anions 
(NO:-) and cations (Nat), in which, of course, 
the rotational freedom of anions is reserved. 

The thermal conductivity of alkali halides, 
the most representative ionic crystals, has 
extensively been measured, and it is well 
established’® that the thermal conductivity 
becomes smaller as the mass ratio of cation 
to anion deviates from the unity. In Fig. 8 
is shown the relation between the phonon mean 
free path / and the mass ratio m/M for alkali 
halides and also for sodium nitrite at room 
temperature, / being determined by 


1 


Pe Cte (eZ) 
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where c and v mean the specific heat per unit 
volume and the sound velocity, respectively. 


From Fig. 8 it is readily understood that the | 
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Fig. 8. Phonon mean free path vs mass ratio for 
alkali halides and NaNO, at room temperature. 


phonon mean free path increases with the 
accessing of mass ratio to the unity and that 
the phonon mean free path in sodium nitrite 
is comparable with those in alkali halides. 
This fact seems to support the above-inferred 
simple picturing for the crystal structure of 
sodium nitrite, i.e., that the inner-radical 
freedom of vibration scarecely contributes to 
the thermal conduction (or to the thermal 
resistivity), and that the NO2~ radical may be 
treated as the nearly rigid asymmetric top 
composing the crystal lattice. 


4. 2. Anisotropy in Thermal Conductivity 
The thermal conductivity of sodium nitrite 
is fairly anisotropic, i.e., it is much smaller 
along the c-axis than along the b- and a-axes. 
Sodium nitrite shows a strong double refrac- 
tion, that is, refractivities along three crystal 
axes are’) as ma=1.34, m»=1.425 and me =1.660, 
respectively. The anisotropy in thermal ex- 
pansion is still more conspicuous. The coef- 
ficient of thermal expansion‘” along the c-axis 
is negative while those along the other axes. 
are positive. It is obvious that the anisotropic 
nature of sodium nitrite originates from the 
asymmetric form of the NO2- radical. Scarece 
discussion has been made on the anisotropy 
of thermal conductivity of crystals, but it 
seems natural to suppose that there are two 
factors at least, i.e., the anisotropy in the 
velocity of sound and that in the probability 
of scattering of thermal waves. It is not 
certain which factor more seriously contributes 
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to the anisotropic nature of thermal conduc- 
tivity in sodium nitrite, but the asymmetric-top 
form of NO2- radicals elongated in the c-direc- 
tion suggests a possibility that the feature of 
scattering may be much different for phonons 
propagating along the c-axis from that for 
phonons propagating along the b- or a-axis. 


4.3. Additive Thermal Resistivity 

The thermal resistivities of sodium nitrite 
are shown as functions of absolute temperature 
in Figs. 9 and 10, which would be helpful for 
a better understanding of the nature of the 
decrease with increase of temperature in the 
thermal conductivity. These figures cor- 
respond to Figs. 4 and 5, respectively. The 
thin line added to each as the low-temperature 
part was calculated from Fig. 3, which does not 
continue to the thick lines above room tem- 
perature, for they are measurements not only 
on different crystals but in different directions. 
It was difficult to obtain a single crystal long 
enough in the desired directions to be used 
as specimens for the low-temperature measure- 
ment, and it was necessitated to make such 
a rather unsatisfactory comparison. The 
general behavior of temperature dependence, 
however, is probably similar for every direc- 
tions, though the absolute value itself is 
expected to considerably vary from direction 
to direction. 

In NaNO:z, anomalies in many physical pro- 
perties such as spontaneous polarization'®).'), 
electrical resistivity”, specific heat and thermal 
expansion!” are seen to begin at considerably 
lower temperature than the transition point, 
indicating that some change in the structure, 
presumably of the order-disorder type, takes 
place preceding the phase transition. An 
estimation of the additive thermal resistance 
due to this order-disorder change can be made 
by subtracting the thermal resistivity in the 
ordered state from that really measured, the 
former being estimated by an extrapolation 
of the gradient at room temperature as are 
shown by broken lines in Figs. 9 and 10. These 
additive thermal resistivities are shown in Fig. 
11. From the fact that they become noticeable 
at about 100°C, increase with increasing tem- 
perature and tend to saturate above the 
transition point, it would be inferred that some 
new mechanism of scattering of phonon occurs 
with decrease in ordering. 

The atomistic discussion of the mechanism 
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Fig. 9. Thermal resistivity of NaNO. Thick line > 
along [010], specimen No. 2; thin line: along[101], 
specimen No. 1; broken line: estimated resis- 
tivity in the ordered state. 
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Fig. 10. Thermal resistivity of NaNO, Thick 
line: along [100], specimen No. 3; thin line}: 
along [101], specimen No. 1; broken line: esti- 
mated resistivity in the ordered state. 
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Fig. 11. Additive thermal resistivities of NaNOs 
in [100] and [010] directions ; full line: observed; 
broken line: calculated. 
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of transition from the ferroelectric- to the 
paraelectric-phase has scarecely been. made 
for sodium nitrite, though it is probably certain 
that the origin of ferroelectricity exists in the 
ordered orientation of NO2- radicals and the 
accompanied shift of Nat ions in this substance. 
The paraelectric phase will be realized by the 
disordering of NO:z- radicals, which fact is 
evidenced by the existence of a mirror plane 
perpendicular to the b-axis in the paraelectric 
phase. Not a single atomistic picturing is 
within the range of possibility as for the 
disordering mechanism of NO:2- radicals ; they 
may be static but with random orientations 
in the +d- or —b-direction, or they may be the 
change of direction from time to time by the 
rotation around some axis of inertia either 
almost freely or hinderedly, or by the oscilla- 
tion of nitrogen atom on the line bisecting 
the O-O bond. In either case it is well ex- 
pected that the disturbance in the periodicity 
of crystal lattice accompanied by the disorder- 
ing of the orientation of NO2- radicals would 
‘become scattering centers of phonons. 

Now we consider the thermal resistance 
which would be produced by the disordering 
of the orientation of NO:~ radicals. Analogous 
to the order-disorder theory of alloys, NOz- 
radicals are assumed to take either the +) 
orientation or —OD orientation with an equal 
probability. It is also assumed that, on the 
one hand, the mutual interaction between 
neighboring radicals favors the ordered or 
‘parallel orientation, i.e., each NO:- radical 
has a tendency against the ‘‘ head to head’’ 
arrangement, while, on the other hand, the 
increase in entropy due to the disordering 
“Operates oppositely. The spontaneous polariza- 
tion Ps will be proportional to the order pa- 
rameter S, which, on the basis of Bragg- 
Williams approximation, is equal to the unity 
at T<T:, decreases with increasing tem- 
perature, varies approximately as 

Soc(Te—T)'/2 , 
at T<T-, and vanishes at T>Tv. 

We consider a crystal containing G molecules 
and assume the number of neighboring NO.- 
radicals as z*, which interact strongly witha 
particular NO: radical. The spontaneous 
‘polarization P; is made of two contributions, 
i.e., from the ordering of permanent dipole 
moments #0 of NO: radicals and from the 
shift of Nat ions. The shift of Nat ions is 


(3) 
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caused by the ordering of NO:~ radicals, and 
it will be allowed, in a rough approximation, 
to include the contribution from the former 
in the contribution from the latter, or, in other 
words, we will interpret ~o not to be the 
permanent dipole moment of a NO:~ radical it- 
self but to contain implicitly the dipole moment 
induced by the shift of the adjoining Nat ion. 
The spontaneous polarization per G molecule 
is given by 
Ps=po(G+—G-) 
=P;(G+1/G—G_/G) , (4) 
where G, and G_- are the number of NO:- 
radicals orienting in the +0- and —b-direction, 
respectively (G++G-=G), and P;° is the value 
of P; when the perfect ordering is achieved, 
tere 
Pe=G lox Com 
The total number of neighboring NO2~ pairs**, 
N, is given by 
N=Gz2/2. (6) 
Of these N pairs, the number of parallel pairs 
Nj; and the number of antiparallel pairs Nj, are 
respectively given by, in the Bragg-Williams 
approximation, 


Nu =2(G+?+G-?)/2G > ( "i ) 
Ni =22G+G_/2G . (8) 
Using Eqs. (4) and (6), Eqs. (7) and (8) are 
rewritten as 
Nn /N=1—2G+G_/G? 


={1+(Ps/Ps°)?}/2 , C3) 
Ny /N=2G-G_/G? 
={1—(Ps/Ps°)?}/2 ? (10) 


* The number z is considerably ambiguous on 
account of the irregular form of the NO,~ radical. 
Two b-heighbors wiil presumably interact most 
strongly. Eight <111>-neighbors are thought to con- 
siderably interact also. Two a-neighbors, too, appear 
not out of the range of consideration. We take z 
here only as a conventional measure of the number 
of interacting neighbors, for the present stage of 
understanding of the mutual interaction between 
each radical and ion of sodium nitrie is not sufficient 
to make a strict discussion of z. Such an ambiguous 
defintion of z, however, would not affect the follow- 
ing discussion explicitly. 

** Two b-neighbors are thought to interact most 
strongly, but they do not form a NO,--NO,- pair, 
for there exists Na+ ion between them. Here the 
word “‘ pair’’ is used in a conventional meaning as 
was pointed out in the former footnote. 
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respectively. It is likely that the interaction 
in the antiparallel pair is different from that 
in the parallel pair, and the deviation from 
uniformity in the binding forces in the crystal 
will contribute to the scattering of phonons. 
According to Klemens”, the scattering of 
phonons due to point imperfections is charac- 
terized by a relaxation time cp with the fre- 
quency dependence given by 
1/tp= Aor , (11) 
where A is a temperature-independent constant 
and is proportional to the density of the point 
imperfections. At temperatures higher than 
the Debye temperature 0, the phonon-phonon 


scattering predominates in the thermal resisti- 
vity, and its relaxation time ty is given®?) by 


Vre=S(Ta*. (12) 


At T>6 the inverse relaxation time for phonon- 
phonon scattering should be proportional to 
the temperature, i.e., 


Si jesCd ; (13) 


Several works?®)~25) have recently been made 
concerning the effect of point imperfections 
on the thermal resistivity, where Eqs. (11) and 
(12) are combined. The unanimous conclusion 
of them tells us that when the effect of point 
imperfections is rather small it can beexpressed 
as an additive resistivity 4W, which is propor- 
tional to A in Eq. (11) and is independent of 
temperature except when the concentration of 
imperfections are changed. The expression 
of 4W is given by 


AW=4z°v6A/3h . (14) 


If the model described above is admitted A 
is proportional to the product of the concentra- 


tion of parallel and antiparallel pairs. Then 
we have 

Acc (Nn/N):(Ny/N) 
Hence, we obtain 

4W«<{1—(Ps/P3°)*} , (16) 


i.e., the temperature dependence of additive 
thermal resistivity is related to that of spon- 
taneous polarization. The additive thermal 
resistivity calculated from Eq. (16) is shown 
by broken lines in Fig. 11, where the propor- 
tional factor was chosen so as to equate the 
saturated value of calculated 4W with that of 
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the observed 4W, and the temperature de- 
pendence of (P;/Ps°) was calculated using the: 
Bragg-Williams approximation. The aggree- 
ment between the calculated and observed 
temperature-dependence of JW is rather satis- 
fying inspite of the rough approximation used 
above. 

The explanation of the striking anisotropy 
in the additive resistance appears to be a still 
more difficult problem. The fact that no 
additive resistance has been found in the 
thermal conductivity in the c-direction suggests. 
that the disordering of NO:- radicals little 
affects the c-direction bonding. The model of 
rotating radicals about the c-axis seems to be 
more favorable for the explanation of this. 
fact, but there are too much obscurity about 
the transition mechanism to make a clearer 
discussion of the nature of additive thermal 
resistance. 


§5. Summary and Conclusion 


The thermal conduction in sodium nitrite 
is due to the flow of phonons, the magnitude 
of which is comparable to that expected in 
neglect of the internal freedom of the NO2- 
radical. The thermal conductivity is low in 
the c-direction, and the anisotropy may origi- 
nate from the anisotropic scattering of phonons. 
by asymmetric NO:~ radicals. 

A decrease in thermal conductivity in the 
b- and a-directions was distinctly observed in 
a wide temperature range of some fifty degrees. 
below the transition temperature. The differ- 
ence between interatomic forces in parallel 
pairs of NO» radicals was taken as point 
imperfections. The increase in the number 
of point imperfections with the disordering of 
orientation of NO: radicals was considered 
to be the cause of additive thermal resistivity. 
The calculated temperature-dependence of the 
additive thermal resistance is in a qualitative 
agreement with that observed. 

There seem reasonable prospects, after all, 
of obtaining some knowledge on the mechanism 
of phase transition by measuring the thermal 
conductivity, for the latter is considered to be 
intimately related to the lattice structure and 
especially to the state of thermal motions of 
constituting ions or groups of atoms. 

The authors would like to express their 
sincere thanks to Prof. Y. Kakiuchi for his 
incessant interest and valuable advices. 
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Exchange Integral in Ni and Its Alloy Film 


from Spin Wave Resonance 
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The excitation of spin wave resonance is investigated for various Ni 
films. The observation is possible only in the case of film prepared on 
the unheated glass substrate. It is sensitive to the inner crystalline 
structure of film. The exchange coupling constant A in Ni film is esti- 
mated to be 0.75x10-8 erg/cm and the exchange integral J to be 9.4x 
10-14 erg. Similarly Pd- and Cu-Ni alloy films are prepared. Their 
concentrations are determined. They are confirmed to have the nearly 
perfect structure by means of the electron diffraction. With increasing 
concentration of Pd and Cu, the value of A decreases monotonously to 
as small as about 2/3 at 35% Pd and 1/5 at 22% Cu respectively. The 
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exchange integrals of these alloys are, however, nearly constant. 


The 


temperature variations of A and J are investigated for some Cu-Ni alloy 


films. 


1. Introduction 

As Kittel! has proposed, the ferromagnetic 
‘resonance in thin film can excite the so-called 
sspin wave resonance in some cases. The 
observation is possible in the case of a static 
field being perpendicular to the film plane anda 
uniform rf field in the film plane, provided 
that a certain condition is satisfied. That is 
the existence of a certain surface anisotropy, 
according to Kittel. The confirmation of spin 
‘wave resonance has been achieved at first by 
Seavey and Tannenwald for Permalloy film”, 
next by Nosé for Ni films under various con- 
ditions?) and for Cu-Ni*) and Pd-Ni® alloy 
films, and recently by Frait® and by Tan- 
nenwald and Weber” for cubic Co film. 

This resonance is noticeable as a useful 
‘method for the determination of the ferro- 
‘magnetic exchange integral. It may be an 
epoch-making method because of the possibi- 
lity at any temperature. The method in com- 
‘mon use is the one by the measurement of 
coefficient of the 7*/? law in the temperature 
variation of saturation magnetization, but this 
is valid only at very low temperatures because 
of the restriction for the spin wave theory. 
There is hitherto no information with respect 
to the exchange integral at higher tempera- 
tures either in theory or in experiment. 

In the present work, the examination of 
the condition necessary to the observation of 
spin wave resonance and the determination 


The values of J are also invariant up to the Curie point. 


of exchange coupling constant and exchange 
integral are given for various Ni films. Their 
concentration variations for Pd- and Cu-Ni 
alloy films are also investigated. At last, the 
temperature variation for some Cu-Ni alloy 
films is also studied. 


§2. Experimental Conditions. 


The resonance is measured by using a cavi- 
ty of transmission type (TEion) and the method 
of field modulation (70 C/sec, max. 200 Oe). 
The static magnetic filed and microwave 
frequency are determined by the N. M. R in 
proton and E.S.R. in D.P.P.H., respectively. 

Since thin films are known to have a large 
isotropic and small uniaxial stress in the film 
plane®).», the usual expression for ferromagne- 
tic resonance condition must be phenomeno- 
logically modified. A quantum mechanical 
modification has been recently achieved by 
Fraitova™. In the case of a parallel field H, 
and perpendicular field H, to the film plane, 
the resonance conditions are written respec- 
tively, as follows: 


SE atAy a 
(olr)*=(Hi 4M 4 cos"? ) 
<( Hat ae cos 2 0) eas) 
(ofr)'=(Hi—42 M-— e  ) 
(Hh 4nM 7 aeelt GZy) 
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where / and 4 are the saturation magneti- 
zation and magnetostriction constant, respec- 
tively; o is a planer stress isotropic in the 
film plane; ou a uniaxial stress lying in the 
film plane at an angle @ out of the direction 
of M. Stresses are positive for tension and 
negative for compression as usual. A uni- 
axial stress is introduced instead of a uni- 
axial anisotropy in common use, because the 
oblique-incidence effect within an angle of 
about 10° is not taken into account. The 
term 2Ak?/M expresses the spin wave reso- 
nance, where A is the exchange coupling 
constant; k the magnitude of wave number 
and k=pz/L; p the mode number; L the film 
thickness. 

The value of A is determined from the in- 
tervals between the subsidiary peaks which 
correspond to different numbers of p in the 
case of observation of H,, even without know- 
ing of 3i0/M and 3io./M. In the atomic 
model, A is given by 

A=nS?J/a, (35) 
where a is the lattice constant, 2 the number 
of lattice points per unit cell (w=4 for f.c.c. 
and m=2 for b.c.c.), S the spin quantum 
number per atom, / the exchange integral. 
In the same model the value of S is obtained 
from the relation: 

M=ngSps/@ , (4) 
where g is the spectroscopic splitting factor, 
ve the Bohr magneton. Since the rigorous 
atomic model has the dilemma of 2S thus 
evaluated being non-integral spin value, S 
must be considered as the effective value. 

The exchange integral is, therefore, esti- 
mated from the above two expressions (3) and 
(4), but it is also the effective value. For 
the bulk specimen, it is estimated from an- 
other method using the 7?/? law. The coef- 
ficient C of T*/? for the temperature depend- 
ence of WM is given by the expression in the 
spin wave theory!: 


OLA Rk Nw 

= AOS) (BST) SS 

Values of M in usual polycrystalline ma- 
terials may be determined from resonance 
measurements. But it is difficult for those 
special films as submitted to Eqs. (1) and (2) 
owing to the two effective field 3%6/M and 
3iou/M. In the present work the values 
measured by other authors!” are introduced 
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to most of the value of M in §3 I and II. 


Values for some films in III are measured by } 


the high sensitive tortion balance). 


- 


For Ni films magnitudes of g, ou and g are Ff! 


estimated from observations in the case of 
H, (at intervals of 30°) and A, (at p=0) at 
room temperature, where /=9300 MC/sec, 
M=490 and Az=—34x10-*. Also for alloy 
films, the similar procedure is taken especial- 
ly in order to obtain the g- factors. Half- 
widths 4H, and 4H, between maximum 


slopes on the main peak are also derived re- | 


spectively in the case of Hy and A. 


Film thicknesses between 1000 and 30004 are | 
measured by the multiple beam interferometer | 


with about 5% error. 


Ni film are prepared by evaporation under | 


various conditions. Kinds of substrate are 
the cover glass and cleaved mica. 
cover glass with 0.2mm in thickness and 7.5 
mm in diameter, the film is deposited in a 
form of circle with 6mm in diameter. After 
usual chemical cleaning, the glass substrates. 
are agitated ultrasonicaly in distilled water.. 
The substrate temperature is ranged from 
room temperature to 320°C. Rate of evapora- 
tion is between 50 and 100 A/sec in vacuum 
of 4x10->mmHg. Heat treatments of films 
are undertaken in vacuum or in air at 200 or 
300°C for one hour. 


Some Ni films are prepared by electro- | 


deposition on copper plates with current den- 
sity of about 10 mA/cm?. Film thicknesses. 
are estimated to be between 2000 and 50004. 

The crystalline structures of films are sur- 
veyed by means of the reflection method of 
electron diffraction. 


Pd- and Cu-Ni alloy are suitable for the 


purpose, because they are the simple solid | 
solution and the interesting material from the | 
Since the observation | 
of spin wave resonance in Ni film is possible | 


theoretical standpoint. 


only in the case of film prepared on un- 
heated glass, 
larly prepared on unheated glasses. 


rapid, such as between 500 and 1000 A/sec. 


§3. Results and Discussions. 


I. Ni films 
According to Kittel, the excitation of spin. 


wave resonance is possible provided that a | 


On the | 


these alloy films are simi- | 
In order | 
to prevent these films from imperfect alloying, | 
the rate of evaporation is made considerably | 
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certain surface anisotropy acts to pin down 
the surface spins in the film. This surface 
anisotropy originates from unsymmetry with 
respect to the interactions leading to mag- 
netocrystalline anisotropy as pointed out by 
Néel. On the other hand, an antiferro- 
magnetic oxide layer on the surface can also 
give rise to a surface anisotropy as observed 
by Meiklejohn and Bean") in the magnetiza- 
tion of Co particles. Pincus‘) has used such 
an exchange surface anisotropy to improve 
the Kittel theory. 

Firstly the surface condition for the excita- 
tion of spin wave resonance are experimental- 
ly investigated for various Ni films. Among 
evaporations of several dozens the principal 
results are summarized in Table I. All ob- 
servations of those films are done at room 
temperature. 


Table I. 
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Since the cleavage surface of mica is faire- 
ly clean and smooth, various properties of Ni 
film on mica are hardly affected by the sub- 
strate temperature. Those of film on glass 
depend strongly upon the surface condition 
and so upon the temperature of substrate. 
As the temperature is raised, the film ap- 
proaches to have a homogeneous structure, 
such as in the resonance the planer stress o 
(tension) and half-width decrease, and in the 
electron diffraction the fibre structure vanishes 
and line width becomes narrower. 

The observation of spin wave resonance is 
distinctly possible only in the case of film 
prepared on unheated glass. An example of 
the line profile is given in Fig. 1. It is almost 
impossible in all the other cases of films 
evaporated on heated glass or on unheated as 
well as heated mica, and of films electro- 


Summary of results in Ni films. 


(At room temperature, f=9300 MC/sec, M=490, 2=—34x10-8.) 


Substrate as L o ou AHy — 4H g 2S, Saye hrs 
Mica 18°C 2700A 4.3” =i 25%) — 3/08 ~~ 2500" 2221 no no 
100 2000 3.5 Oso 360 240 2.15 no weak [111] 
230 3000 6.0 —0.30 410 250 2.16 no no 
320 3000 5.3 =e) 300 250 2.20 no no 
Glass 16 2000 15 —0.28 400 180 2.20 clear [110] 
18 2350 13 EOE 250. “120% 2.14 clear [111] 
18) 2500 13 (—0.9) (600) 240 2.18 not clear [110] & [111] 
18? 2000 14 Spray, Gee 960 130 Vlo17 no [110] 
18?) 1500 11 —0.05 360 300 2.20 no [110] 
100 2000 6.0 —0.10 290 220 2.15 no {110] 
245 1000 8.0 —0.23 360 180 2.20 no no 
320 1500 4.0 —0.05 250 260 2.15 no no 


a): unit of (x109 dyne/cm?). b), c), d): Heat treatment after evaporation is given in vacuum 


at 100, 200, 320 °C respectively. 


deposited on copper plates. The effect of an- 
nealing in vacuum acts always so as to vanish 
the spin wave resonance in any films. Heat 
treatments in air intensify the NiO line in 
the electron diffraction, but make indistinct 
the subsidiary peaks in the spin wave reso- 
nance. It seems that only the exchange sur- 
face anisotropy is not sufficient for the ex- 
citation of spin wave resonance. 

These facts show, therefore, that the spin 
wave resonance in Ni film depends not only 
on the surface condition as pointed out by 
Kittel, but also strongly on the inner crystal- 


line structure affected by conditions of sub- 
strate and heat treatments. 

The presence of a magnetic field about 50 
Oe in the course of evaporation or annealing 
hardly affects the spin wave resonance. The 
fibre structure with [110] and/or [111] axes 
normal to the film has no relation with the 
resonance. 

Next, values of exchange coupling constant 
A and exchange integral J are estimated, as 
mentioned in §2. The results are given in 
Table II. The values for Ni films are A= 
0.75.10 etg/cm and. /=9.4x10-", erg at 
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room temperature. On the other hand, the 
value of J for bulk Ni is estimated at very 
low temperature, making use of Fallot’s re- 
sult!” C=8.6x10-* (°K2/%), From Eq. (5), J= 
8.3x10-“ erg. 

These two values of J are in good agree- 
ment, in spite of the wide difference in the 
method and the temperature. 


II. Nz alloy films 

In accordance with the procedure on the 
pure Ni films, Pd- and Cu-Ni alloy as sources 
are evaporated onto the unheated glass. 

The colorimetric analyses of prepared films 
show that their weight contents of Pd and 
Cu have increased by a factor of one and 
two respectively. But the concentration of 
Cu-Ni film is more precisely determined by 
measuring the Curie point, as mentioned in 


oA 5000 6000 §3 II]. By means of the electron diffraction, 
Magnetic field (Oe) 


Ni on glass 
L = 2000A 
A = 0.66 x10 79, 
f = 9300 MY,,, 


Fig. 1 The line profile of spin wave resonance in 


> 
Ni film with L=2000A and A=0.66x10-® erg = x18 
/cm. ais 
Table II. Values of A and J in Ni films. Boe 
(At room temperature, f=9300 Mc/sec, a=3.524 “ 
A, g=2.18, M=490 and 2S=0.532.) 304 
8 
L(A) p  A(x10-8 erg/em) J(x10-14 erg) or 
2000 3~6 0.66 8.3 § 
2500 3~5 0.83 10.4 te 5 cm sd 
o) 
1570 2~4 0.74 oS Content of Pd or Cu in Ni (atm.%) 
1570 2~4 0.72 9.0 Fic. 2. C bate ee f 
ee, 0.80 10.0 ig. m oncen sce) Nt Sane 0 exchange 
mean <0.75> ntl OL. coupling constan or Pd-Ni (©) and Cu-Ni 
(A) alloy film. 
Table III. Values of A and J in Cu-Ni alloy films. 
(At room temperature, f=9300Mc/sec, g=2.18) 
at.%Cu a(A) L(A) M 28 A(x10-8 erg/em) J(x10-14 erg) 
0 S55 490 0.53 0.75 9.4 
3.8 3.527 1450 444 0.48 0.60 OR2 
4.3 3.525 1200 438 0.47 0.62 9.9 
4.5 3.523 1200 436 0.47 0.61 OES 
4.5 3.525 1280 436 0.47 0.55 8.8 
6.6 3.529 960 412 0.44 0.54 9.9 
6.7 3.525 1220 410 0.44 0.50 9.1 
8.6 3.52; 2950 385 0.41 0.49 10.3 
8.6 Seoon 2900 385 0.41 0.49 10.3 
iS 3.533 1500 350 0.38 0.35 8.7 
15.0 3.535 2700 310 0.34 0.28 8.6 
15.0 Boise 2700 310 0.34 0.28 8.6 
ZR 3.54; 2070 220 0.24 0.15 Oy 
222 3.54, 2070 220 0.24 0.13 8.0 
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at.%Pd a(A) M 9g 28 L(A) A(x10-8 erg/em) J(x 10-14 erg) 
Day) 3.53 480 Dak 0.52 800 0.65 8.5 
Ded 3.53 480 2.18 0.52 1000 0.69 9.0 
5.5 3.55 470 2271 0.51 940 0.68 9.3 
7.3 3.56 464 IN 0.51 1150 0.56 Vind) 
9.7 3.57 460 2.18 0.51 1270 0.62 8.5 
16.1 3.60 440 2.26 0.49 1380 0.53 8.0 
26.8 3.65 410 2.25 0.48 1040 0.45 hon) 
27.3 3.65 408 2.33 0.46 1500 0.59 10.2 
27.8 3.66 408 2.97 0.47 1600 0.50 8.3 
34.6 3.68 494 2.30 0.46 2140 0.47 8.2 


at is proved that any film has the f.c.c. 
‘structure in single phase and their line widths 
as narrow as those of pure Ni films. Al- 
though the reflection method may be un- 
favourable for the precise determination of 
lattice constant, the diffraction pattern shows 
that lattice constants of present films are 
nearly consistent with the results by the X- 
ray diffraction measured on the bulk speci- 
mens by other authors’). Consequently in 
present films the nearly perfect structure is 
confirmed. 

The concentration variations of A and J in 
those alloy films are shown in Fig. 2 and 
Tables III and IV. It is of interest to see 
that values of J are nearly constant for any 
alloy films. 

These values of / for Cu-Ni alloy films are 
also in good agreement with those evaluated 
by Eq. (5) using the results measured by 
Kondorskij et al.'!* for bulk Cu-Ni alloy. 


Ill. Temperature variation for Cu-Ni alloy 
films 

Recently Tannenwald and Weber® have 
measured the temperature variation of ex- 
change coupling constant and exchange in- 
tegral in cubic Co film from the spin wave 
resonance. But their observations have been 
at fairly low temperatures. 

The variation at higher temperatures up to 
the Curie point is investigated in the present 
work.*) Some films with the rather low Curie 
temperature are chosen among the above Cu- 
Ni alloy films. 

The temperature variation of saturation 


*) This measurement has been carried out by 
Mrs. T. Nosé with the E.S.R. apparatus in the 
Tokyo Metropolitan Isotope Centre. 


magnetization is measured by the high sensi- 
tive torsion balance!®)**), because of the 
difficulty of determination from resonance 
measurements as above mentioned. Values 
of M at each temperature can be determined 


Saturation magnetization M 


200 300 
Temperature (°C) 


100 400 


Fig. 3. Temperature dependence of saturation 
magnetization for Ni (L=2000 A), 15% Cu-Ni 
(L=2700 A) and 22% Cu-Ni (L=2070 A) films. 


{2) 
th 


fe) 


fe} 


Exchange coupling const.A (€'S/om) 


(6) 50 100 I50 200 
Temperature (TC) 
Fig. 4. Temperature variation of exchange 


coupling constant A for 15% Cu-Ni (A) and 
22% Cu-Ni (x) alloy film. 


**) The detail will_be published. 
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within an error of about 5%, the standard 
being Ni films, as shown in Fig. 3. This 
new method can also fix the Curie point 
within +10°C in the temperature range be- 
tween 100 and 400°C. It can correspondingly 
determine the concentration within +1% for 


| 


(Vol. 16). 


As the temperature is raised, values of Afi 
for 22% and 15% Cu-Ni decrease and vanish. 
at 100 and 180°C respectively, as show in. 
Fig. 4. It is interesting that the excitation}; 
of spin wave resonance is possible even at-}/ 
about 30°C below the Curie point. 


Cu-Ni alloy films. 


Thus the exchange integral J in the atomic=} 


Table V. Temperature variations of M, A and J. 


Film Temp. (GC) M A(x10-6 erg/cm) J(x 10-14 erg) 
1s%CuNi ~—«*1G 310 0.28 8.6 
69 300 0.27 9.0 
143 230 0.16 9.1 
163 200 0.18 9.7 | 
179 A70 0.10 9.9 | 
22%Cu-Ni 19 220 0.15 Oe 
53 185 0.11 9.6 
86 100 0.032 9.6 
103 80 0.021 9.8 
model as previously stated is determined. cussions, Mr. M. Ichikuni for his kindness in 


The temperature variations of @ and g are 
negligible. Consequently, it is found that 
values of J are nearly constant for any film 
as well as at any high temperature, as given 
in Table V. A small increase with tempera- 
ture is perhaps due to variations of @ and g. 


§4. Summary 


The excitation of spin wave resonance in 
Ni film is possible only in the case of film 
prepared on unheated glass. It is essential- 
ly sensitive to the structure of film. 

The exchange coupling constants in films 
of Ni, Pd-Ni alloy, Cu-Ni alloy are investigat- 
ed. The value in Ni film is A=0.75x10-8 
erg/cm. With increasing concentrations of 
Pd and Cu, it decreases monotonously to 
about 2/3 at 35% Pd and 1/5 at 22% Cu re- 
spectively. Their exchange integrals are, 
however, nearly constant and /=9.4x10-"% 
erg. 

The temperature variations of A and J are 
studied for some Cu-Ni alloy films. The val- 
ues of J remain again constant up to the 
Curie point. 
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Surface conductivity and Hall coefficient of germanium cleaned by ion- 
bombardment and subsequent annealing have been measured over the 
temperature range 1.5—300°K. The results indicate that donor levels are 
produced near the surface by ion-bombardment and are eliminated with 
subsequent annealing at 500°C in high vacuum making the surface space 
charge layer p-type. The density of the excess holes near the surface 
has a magnitude of 8x10!! cm~? for an n-type of 82 cm and 8.5 x 1019 cm-2 
for a p-type of 202cm. Ion-bombardment gives rise to a small Hall 
maximum at low temperatures around 5°K. This maximum shifts to 
higher temperatures as annealing treatments are repeated and disappears 
if air is introduced. This maximum is attributed to holes of the order 


of 107cm~? in the space charge layer. 


§1. Introduction 


It has been found that the temperature 
sdependence of Hall coefficient of p-type 
germanium cleaned by Joule heating in ultra- 
high vacuum showed a steep maximum at 
10°~20°K”. The behaviour is similar to the 
‘p-type impurity conduction” in bulk crystals. 
‘The maximum disappeared if oxygen gas was 
introduced, thus the phenomenon was ascriba- 
ble to conduction through surface dangling 
bonds or a p-type skin doped heavily with 
foreign impurities. But which model was 
‘preferred to could not be decided on. 

Law® found at that time that boric acid 
evaporated from a heated glass vessel pro- 
duced p-type skins on silicon and germanium 
during heat-treatment in high vacuum, and 
showed that the skins could be removed by 
jon-bombardment and subsequent annealing. 
According to Farnsworth’s analysis of ger- 


manium surfaces with slow electron diffrac- 
tion”, the lattice points of surfaces are 
distorted by ion-bombardment, and _ the 
distortion can be eliminated by subsequent 
annealing at 600°C in ultra-high vacuum. 
Forman®) has found that the field effect 
mobility drops to zero by ion-bombardment, 
but restores to several hundred cm2/volt. sec 
by heating at 650°C. 

The purpose of the work presented in this 
paper is to clear the electrical nature of the 
germanium surface cleaned by ion-bombard- 
ment and its changes with subsequent anneal- 
ing in high vacuum and with admission of 
air. In connection with the experimental 
results obtained, a brief discussion will be 
made about the relation between surface 
conduction and grain boundary conduction®. 


§2. Experiments 
Fig. 1 (a) shows the electrode arrangement 
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of experimental bulb and Fig. 1 (b) illustrates 
the geometry of germanium samples. The 
samples were etched and rinsed in the usual 
way, and then welded on the leads of thin 
tantalum ribbons by argon arc as mentioned 
in the previous paper’. They were again 
etched and rinsed before mounted in the glass 
bulb. Leads at both ends of the sample 
shown in Fig. 1(b) were served as current 
leads and the other two inside leads as poten- 
tial probes. Hall voltage could be obtained 
from change in potentials of one of the inside 
leads, when magnetic field was reversed. 


Ti getter, 


heater 
anode 


shield plate 
Ge sample 


Ta shield cage 


L=l4cm 
Q =0.4cm 
W =0.2cm 
t 20,05cm 


(a) (b) 
Fig. 1. (a) Electrode arrangement of the bulb. 
(b) Geometry of the germanium samples. 


Experimental bulbs were evacuated by a 
mercury diffusion pump for 48hrs, during 
which the vacuum system was baked out at 
300°C for 30hrs and the ionization gauge, 
metal electrodes of the bulb and barium getter 
were outgassed several times. After the 
vacuum of 10°°mmHg was attained, argon 
was admitted into the bulb through two cold 
traps and the barium getter bulb until the 
pressure reached 5~7x10-?mmHg. The 
pressure used was reduced to such a low 
pressure that sputtered materials could hardly 
be returned to the target during discharge. 
The germanium target was biased —400 volts 
with reference to a hot tungsten filament, 
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and the cylindrical anode was bisaed about- 
+60 volts / 

It was observed by preliminary experiments. | 
that tantalum atoms sputtered from the leads. 
were deposited on the germanium surface and 
caused an n-type impurity conduction at low 
temperature. In the present case, therefore, 
the tantalum leads were completely covered 
with a tantalum shield cage to which a posi- 
tive potential of +50volts was applied to- 
avoid sputtering of the leads as shown in Fig. 
l(a). Under these conditions, a target cur- 
rent of about 604A was obtained. The ion- | 
bombardment was continued for 6hrs. The 
amount of net ion charge corresponds to» 
around 1 coulomb per cm? of the surface of | 
germanium target. As the sputtering yield | 
of argon ions for germanium is known to be 
around unity at this ion energy”, the sputter- 
ing can remove 1.4y from the surface. 

After bombardment, the argon was pumped. | 
out to 10-°mm Hg and a titanium getter was 
flashed. Then the bulb was sealed off from 
the pumping system. Annealing of the sur- 
face was made by passing an ac current 
through the sample in the sealed-off bulb. 
Temperature dependences of resistivity and 
Hall coefficient were observed after each 
treatment. Finally the measurements were 
carried after air was admitted. The magnetic: | 
field used had a magnitude of 4900 gauss. 


$3. Effects of Ion-Bombardment and anneal- — 

ing on Surface Conductivity at room | 
Temperature 

Surface conductivity was preliminarily 


observed at room temperature with the bulb. 
connected with the pumping system to know | 
the effect of bombardment and annealing. | 
The bulb was ougassed down to 10-?mm Hg | 
after ion-bombardment. Then Hall voltage | 
and resistivity were measured after every | 
following treatment; (1) introduction of air; | 
(2) annealing at 400°~500°C for an hour 
after ion-bombardment and evacuation; (3) | 
admission of air after the treatment (2). 
Surface conductivities were almost unchanged 
by ion-bombardment in both cases of n- and 
p-type. It was thus difficult to detect any 
changes in surface conductivity by subsequent 
admission of air. But if the samples were 
annealed in high vacuum after bombardment, 
the surface conductivity increased by 20~ 
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1004 per square and Hall coefficient de- 
creased remarkably. The increased surface 
conductivity disappeared with admission of 
air. 

It is assumed in this paper according to 
many investigations®’.» that the treatment of 
the surface exposed to oxygen brings the 
energy bands very close to the flat band 
condition. According to this assumption, it 
is concluded that a p-type space charge layer 
near the surface is built up only after anneal- 
ing subsequent to bombardment. 

Next, the measurements were carried with 
the sealed-off bulbs. The results are sum- 
marized in Table 1. 

In this table, specific resistivities, o, and 
Hall coefficients, R, of n- and p-type crystals 
vary with treatments mentioned in the first 


Table 1. The dependence of resistivities and Hall 
coefficients of n- and p-type germanium on 
subsequent surface treatments. 


p-type germanium of 0.05cm in thickness 


Resis- Hall 


ee ; | Tem- 
Treatment tivity coefficient 
aem — 104cm3/coul per ante 
p-l. In air 23.01 5.568 NG 278 
p-2. lIon-bom- | 
bardment 25.01 5.796 | , 
p-3. Annealing | 
at 550°C | 
for lhr in 
vacuum Y/Y 4.433 y 
p-4. Second | 
annealing | 
at 600°C, | 
Ter. 18.28 4.305 y 
p-5. Quench- 
ing from | 
700°C 20263 ee OL 0SD | MES 
p-6. Admission | F 
of air | 21.18 5.197 19 e926 


n-type germanium of 0.045 cm in thickness 


Hall 


| Resis- era 
Treatment tivity coefficient 
ce acm | 104cm3/coul parece 

n-1. Ion-bom- | | 

bardment 8.328 DPD, POLS: 
n-2. Annealing | 

at 550°C, 

iL inte Bileules 7510) y 
n-3. Second 

annealing 

at. 550°C) 

lhr. 8.737 PAN Y 
n-4. Addmis- 

sion of air| 8.989 2.416 y 
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column. First, the data of p-type are to be 
considered. Both oe and R increase after ion- 
bombardment. The results can be explained 
as follows. Ion-bombardment introduces 
donors and makes the surface weaker p-type. 
These donors do not distribute uniformly ac- 
cording to the temperature dependence of pe 
and FR to be discussed in the next section. 
R and o decrease with the treatment of 
subsequent annealing in ultra-high vacuum. 
Thus this treatment makes a p-type accumula- 
tion layer near surface. 

In the case of heat-treatment at 700°C 
referred to p-5 in Table 1, the sample was 
heated electrically by passing an ac current 
through it and quenched with radiation cool- 
ing. Admission of air after this treatment 
gives rise to increases in R and o as shown 
in p-6. Assuming that this state satisfies the 
flat band condition, the conductivity of the 
accumulation layer near the surface which 
disappears with exposure to air is obtained as. 
31.74¢@ per square from the difference be- 
tween the conductivities of p-5 and p-6. 
Unknown acceptors were introduced into the 
sample during ion-bombardment and anneal- 
ing for all efforts. Their concentration is no 
less than 1.1102 atoms/cm? given by the 
difference between the reciprocals of Hall 
coefficients of p-l1 and p-6 inthe table. This 
value is comparable to or more than the 
concentration of holes in the space charge 
layer. Therefore one can not compare p-l 
with p-6. 


Table II. Constants of the space charge layers. 


n-type 82cm | p-type 202 cm 


Surface conduc- 


tivity 72.5p6/(] 31.7 n6/ 
Surface poten- 
tial, —egs 0.36 eV* 0.128 eV** 


Excess holes 
near the 


surface Ip 8 x 1011/cm2 8.5 X 1019/cm2 


Excess elec- 
trons near the 
surface, In 

Mobility of 
surface holes 


—3 x 101°/cm? —1.6 x 108/cm 


650 cm2/volt. sec 


0.268 eVfor 
E.—Er 


2480 cm2/volt. sec 


0.272eV for 
Hr—Ey 


Fermi level, Hr 


Carrier concen- 
tration in bulk 


2.5x10'4/em3 | 1.6 1014/ems 


* assumed m*/m=0.3. 
** assumed fn/u=1, #n=3940 cm2/volt. sec. 


2484 


The p-type surface conductivity of the 
cleaned n-type sample has a magnitude of 
72.5uéi per square evaluated from the differ- 
ence between the conductivities of n-3 and 
n-4 in Table I. 

Table II shows the constants of the p-type 
space charge layers for p-5 and n-3 calculated 
from the method of Garrett and Brattain’). 
Electronic energy diagrams obtained are 
shown in Fig. 2. These results agree with 


Fig. 2. Electronic energy diagram near the sur- 
face of p- and n-type samples. Unit is in eV. 


many other investigators” at such a qualita- 
tive point that there is a strong p-type space 
charge layer near a cleaned surface. The 
mobility of surface holes in the n-type sample 
is reduced to one-third as large as that in 
bulk, because the width of the space charge 
potential well is comparable to a mean free 
path or less!®. 


§4. Temperature Dependence of Resistivity 
and Hall coefficient 


The temperature dependences of po and R 
vary with different treatments as shown in 
Fig. 3 for the p-type sample. Fig. 4 shows 
the same curve from room temperature to 
20°K in details. In this figure, Curve 2 for 
ion-bombardment shows complicate rise and 
fall. As mentioned in the previous section, 
ion-bombardment introduces some donor type 
imperfections which make the surface weaker 
p-type. The wavy nature of Curve 2 should 
be ascribed to unevenness in surface distribu- 
tion of the donors which may be due to 
embedded argon ions. It is well-known that 
acceptors are produced in germanium by the 
bombardment of ions having an energy of 10 
KeV or higher!?. Each ion knocks on ger- 
manium atoms in the normal lattice point 
forming pairs of Frenkel defects. But as the 
range of the ions used in the present experi- 
ment is shorter than 100A and the sample is 
warmed up by bombardment, thus most of 
Frenkel defects may be annealed during ,ion- 
bombardment and_ residual imperfections 
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including embedded argon atoms may affect 
surface conductivity.. Actually, annealing 
subsequent to ion-bombardment resulted in 
gas evolution of a magnitude of around 10" 
molecules which was ten times as large as 
the gas evolution in the case without bom- 
bardment. 

As shown in Fig. 4, the rise and fall of 
Curve 2 is eliminated by subsequent anneal- 
ing, and finally Hall curve becomes to show 
a similar broad drop around 40°K to Curve 
1, This drop in Hall curve appears as far 
as the concentration of ionized impurities is 
so small that light holes can move along the 
circular orbit of Lorentz force without being 
scattered by lattice vibrations with decrease 
in temperature. It can, therefore, be con- 
cluded that uniformity and purity of the 
surface is restored by careful annealing. 

Hall maximum at low temperature does not 
appear before ion-bombardment. It appears 
at around 5°K after bombardment and shifts 
toward higher temperature around 7°K after 
the treatment of quenching down from 700°C. 
These maxima are not so remarkable as that 
reported in the Surface 


previous paper. 
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Fig. 3. Temperature dependence of resistivity (a) 
and Hall coefficient (b) of a p-type sample. 
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Fig. 4. Detailed curves of Hall coefficient in 
Fig. 3. 
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carrier concentration and its Hall mobility are 
calculated to be 107cm~-? and 10‘ cm2/volt. sec, 
respectively, from the Hall minimum and the 
conductivity near 4°K. Since these carriers 
have a large mobility in spite of their low 
concentration, this hole conduction should not 
be attributable to hopping conduction through 
surface states, but to conduction in the 
surface space charge layer which is counter- 
balanced by surface states anti-charged. 
These surface states are not intrinsic but due 
to surface lattice defects, because the be- 
haviour of Hall maxima and minima around 
4°K is sensitive to the heat-treatments. 

Hall maximum at low temperatures could 
not be observed with n-type samples ion- 
bombarded and then annealed. The reason 
is that the resistivity of a p-n junction formed 
between the bulk and the p-type inversion 
layer near the surface becomes so large that 
current can not flow into the inversion 
layer. 

The nature of two-dimensional array of 
dangling bonds in the surface has been often 
compared with that of a grain boundary. 
Anomalous conductivity at low temperature 
has been found along grain boundaries® and 
in the surface of germanium cleaned by heat- 
treatment without bombardment’. However, 
the present experiment shows that no anoma- 
lous conduction can be observed if the surface 
is cleaned by ion-bombardment and _ sub- 
sequent annealing. Therefore the anomalous 
conduction mentioned in the previous paper 
should be attributed to impurities transferred 
from the glass bulb. This suggests that an 
anomalous conduction in the grain boundary 
also might be ascribed to impurities segre- 
gated from the matrix. 


§5. Conclusion 


Donors are produced in the surface of ger- 
manium by argon ion-bombardment with 
several hundred volts. They are eliminated 
with subsequent annealing in ultra high 
vacuum and finally a strong p-type space 
charge layer is built up near the surface. 
The excess density of holes in this layer has 
a magnitude of 8.5x10!°cm-? for a p-type 
202 cm sample and 8x10!!cm~? for an n-type 
82cm one at room temperature, but it dimin- 
ishes 10’cm~? for the p-type at 6°K. These 
holes are counterbalanced by surface states 
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anti-charged. The surface states are not 
intrinsic but due to surface lattice defects. 
The strong p-type conduction at low tem- 
perature mentioned in the previous paper can 
not be observed in the present experiment, 
so it is concluded that this conduction should 
not be attributed to surface dangling bonds, 
but might be caused by impurities, probably 
boron, transferred from the glass bulb. 
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The dielectric behavior of KNO3 crystal was investigated. Mainly in its 
ferroelectric phase III, which appears in the temperature range of about 
125~115°C on cooling, the D-H hysteresis loop along the ¢ axis was 
observed by the usual Sawyer-Tower method using the 50c/s ac electric 
field, the pyroelectric current in this direction was measured by the 
usual galvanometer method and the dielectric constants along the three 
crystal axes were measured by a C-meter using the 100kc/s ae voltage. 
From the obtained results, the ferroelectricity in the phase III was 
discussed in relation with the motion of NO; groups. 


Introduction 


§1. 


Potassium nitrate (KNO:) has the aragonite 
sructure (orthorhombic, D3’—Pnma) at room 
temperature”. The crystal structure changes 
from orthorhombic to trigonal at about 130°C 
on heating, the low- and the high-temperature 
phases being named the phase II and the 
phase I, respectively. The phase I is general- 
ly believed to have a structure closely related 
with the calcite structure (trigonal, DD: 
3c)», but any conclusive determination of 
its structure has not yet been presented. On 


cooling, the phase I does not directly change 
to the phase II, but changes first to an another 
phase named the phase III at about 125°C 
and next to the phase II at about 115°C, these 
transition temperatures fairly depending upon 
the history of specimens and the cooling rate, 
etc.»., It is known that by an application 
of high pressure the phase III is realized also: 
on heating and the temperature range corre- 
sponding to the phase III on cooling is broad- 
ened®),*), although the phase III does not appear 
at all events on heating under atmospheric 
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pressure. 

The crystal structures of the phases I and 
II are nonpolar, but that of the phase III is 
polar and its space group is C?,—R3m. A 
rhombohedral unit cell in the phase III (a= 
4.365A, a=76°56’ at 120°C), shown in Tier, JL, 
contains one molecule of KNOs; and eight K+1 
ions occupy its corners and one NOs-! ion 
nearly its body center. The NO: group forms 
a regular triangle with the N atom at its 
center. The plane of the NO; group is per- 
pendicular to the c axis and it does not exist 
exactly at the body center of the rhombohed- 
ron but in a position slightly deviated from 
it along the c axis. We have already report- 
ed the existence of the ferroelectricity in 
the phase III of KNO:, using mainly fused 
specimens” and the result of a measurement 
of the thermal conductivity of fused speci- 
mens, with some discussion of the effect of 
the rotational motion of NO; groups upon the 
thermal conduction®. In the present paper 
the dielectric behavior of single crystals main- 
ly in the phase III will be described in detail, 
although the experimental study on single 
crystals is always somewhat disturbed by the 
destructibility of the crystal of this substance 
in passing through the transition points. 


Fig. 1. Rhombohedral unit cell in the phase II 
of KNO;. Smali, white large and shaded large 
spheres represent N, O and K, respectively. 
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§2. Preparation and Treatment of Crystals 


Although a melt of KNO; powder of extra-- 
pure grade, which had beforehand been dried 
in 10-?’mmHg vacuum at about 120°C for 
several days, solidified into several beautiful 
crystals at the solidifying point (339°C) on 
slow cooling, they always broke into a lot of 
tiny crystallites in passing through the transi- 
tion points. Thus the fusion method was not 
useful in preparing single crystals, so the. 
aqueous solution method was adopted. 

Good crystals were easily obtained by the 
slow cooling of an aqueous solution of KNOs. 
powder of extra-pure grade. For instance, 
500g KNO:; solved in 700cc distilled water 
was cooled from 43°C down to 38°C during 
a month. Usually crystals grew most in the 
c direction and least in the 0 direction, so- 
they formed hexagonal pillars flattened along 
the 6 axis. The dimension of such crystals 
was about 5cmx2cmx1cm at largest. Some. 
crystals formed hexagonal plates in which 
the c axis lay on and the 0 axis stood per- 
pendicular to the plane of the plate. 

The direction of crystal axes was determined 
by the X-ray Laue photograph and by the 
microscopic observation. The cleavage was 
not discernible in any directions, so specimens- 
oriented in each direction were cut out of 
crystals using a wet string, then they were 
polished by emery papers and finally were: 
etched by distilled water for a few seconds. 
After having been dried for a day in a ther- 
mostat kept at about 110°C, they were silver- 
pasted to form electrodes on their surfaces. 
and were again dried in the thermostat. 


§3. D-E Hysteresis Loop 


Photo. 1 shows the hysteresis loop of a c 
crystal observed on cooling by the usual 
Sawyer-Tower inethod, using the 50c/s ac 
electric field (Hmar=9.9kV/cm). The D-E 
loop was nearly a straight line above 127°C, 
began to open out from about 125°C, showed 
a typical ferroelectric feature between 123°C 
and 117°C and finally was again crushed into: 
a straight line at about 115°C. Photo. 2 
shows the amplitude dependence of the hys- 
teresis loop observed at 118.5°C, where are 
denoted the absolute values of E and D which 
are also applicable to Photo. 1. The temper- 
ature dependence of the spontaneous polariza- 
tion and the coercive field obtained from 
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polarization ( HC/¢m2) 


Spontaneous 


Temperature (°C) 


Fig. 2. Temperature dependence of the spontane- 
ous polarization determined by the hysteresis 
loop (Hmaz=9.9 kV/cm). 
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¥ig. 3. Temperature dependence of the coercive 
field (Emaz=9.9 kV/cm). 
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Fig. 4. Amplitude dependence of the residual 
polarization (118.5°C). 


Photo. 1 are shown in Figs. 2 and 3, respec- 
tively. The spontaneous polarization and the 
coercive field at 120°C were found to be about 
8uC/cm? and 4kV/cm, respectively. The 
amplitude dependence of the residual polari- 
zation and the coercive field obtained from 
Photo. 2 are shown in Figs. 4 and 5, respec- 
tively. The relative coercive field defined by 
E-/Emaz is also shown in Fig. 5. 

It is generally accepted that a crystal of 
KNO: is gradually broken into minute crystal- 
lites by successive heating and cooling through 
the transition points and that in such a dis- 
arranged state the directions of crystal axes of 
each crystallite are fairly at random’. 
Although the specimen used in the above 
observation had initially been a c crystal, the 
directions of its crystal axes may have been 
irregular in some degree when the above 
photographs were taken, since it was neces- 
sary to first heat the specimen up to about 
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Fig. 5. Amplitude dependence of the coercive 
field and the relative coercive field (118.5°C). 
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Fig. 6. A nickel crucible to observe the hystere- 
sis loop of a fused specimen. 
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Photo. 1. D-E hysteresis loops observed at various temperatures in the phase III on cooling 


(50 c/s, Emaz=9.9 kV/cm). 


2490 


S. SAWADA, S. NOMURA and Y. ASAO 


(Vol. 16, 


Photo. 2. 


Photo. 3. Hysteresis loop of a fused specimen 
(GUC, WANING, Tre) NW ora). 


180°C and next to cool it down, in order to 
bring it into the phase III, and thus the 
specimen had once passed through the transi- 
tion point at 130°C on heating before the 
above observation was made. 

In spite of this situation, the hysteresis loop 
showed a fairly enough saturation, as seen 
in Photos. 1 and 2. This fact seems to show 
that at least the direction of the c axis of a 
crystal is roughly preserved in passing through 
the transitions, when the ac electric field is 
applied in the original c direction of the crys- 
tal. Such supposition may be supported by 
a fact that at room temperature the crystal 
was found to be still transparent after the 
observation of the hysteresis loop through 


Amplitude dependence of the hysteresis loop observed at 118.5°C (50 c/s). 


the phase IIJ. An application of the dc field 
may be expected to be more effective in keep- 
ing the direction of crystal axes unaltered. 
When, as shown in Fig. 6, KNO; powder 
was melted in a nickel cylindrical crucible 
with a nickel disc electrode suspended along 
its central axis, the crucible itself serving as 
another electrode and the gap between them 
being about 0.5mm, and was slowly cooled 
down in that condition, a ferroelectric hystere- 
sis loop was also observed for such a fused 
specimen cooled down from the fused state 
in the temperature range corresponding to 
the phase III. An example at 121°C is shown 
in Photo. 3, where an even more perfect 
saturation is seen than in the specimen started 
from the single crystal, although the absolute 
value of electric polarization could not easily 
be evaluated, owing to the rather complex 
arrangement of the electrodes. Such a result 
may lead us to the supposition that a crystal 
is only a little cracked in the transition I> 
Ill. As the crystal structures of the phases 
I and III are only slightly different from each 
other, the transition I-III would not need 
any serious change of atomic positions. On 
the contrary, as the crystal structures of the 
phases I and II are much different from each 
other, some drastic atomic displacements 
would be necessary in the transitions IIolI 
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‘and III-II, which seems to be the primary 
reason of the cracking of crystals in these 
transitions, and thus the cracking on cooling 
may be supposed to occur mainly in the 
transition [JJ-II. 

Many authors*’*).!) have reported that the 
‘moisture, the size of crystal, the cooling rate, 
etc. have some effects to promote or to sup- 
‘press the appearance of the phase III, but 
‘their results are not necessarily in agreement 
with each other. We have found that the 
‘phase III does not appear when a crystal 
have not been heated up to above about 160°C 
first, but that the size of crystal and the 
cooling rate have little influence upon the 
-appearance of the phase III. Sometimes the 
‘phase III is said to be a metastable one, but 
it was ascertained by our observation that 
‘the ferroelectric hysteresis loop of a crystal 
-did not change at all even when it was kept 
-at a definite temperature, say 120°C, in the 
phase III during more than eight hours. 


§4. Pyroelectricity 


The pyroelectricity in the c direction of the 
crystal was measured by the usual galvano- 
‘meter method. The crystal was first poled 
by a dc field of 5kV/cm for about 30sec at 
120°C, where the spontaneous polarization had 
been found to be maximum by the observation 
of the hysteresis loop. After the electrodes 
of the crystal had heen short-circuitted for 
2~15 min at this temperature, the pyroelectric 
current was measured in each of heating and 
cooling processes from this temperature. 
Results of each measurement are shown in 
Fig. 7 (a) and (b), respectively.* 

The spontaneous polarization calculated from 
Fig. 7 (a) and (b) is shown in Fig. 8 (a) and 
(b), respectively. The maximum value of the 
spontaneous polarization turns out to be 10 uC/ 
cm? and 8 wC/cm? in these two cases, respec- 
tively, nearly agreeing with the value deter- 
mined by the hysteresis loop, 8 yC/cm?. In 
addition, the temperature dependence of the 
spontaneous polarization shown in Fig. 8 is 
not far from the one shown in Fig. 2, which 
was obtained by the observation of the hystere- 
sis loop. A tendency that the spontaneous 


* In the cases shown in Fig. 7 (a) and (b), 
specimens were not the same and the absorption 
currents of 4x10-19A and 3x10-#°A were flowing 
just before the start of measurement, respectively. 
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polarization determined by the pyroelectric 
current is larger than that by the hysteresis 
loop seems to come from the fact that, when 
the spontaneous polarization is to be deter- 
mined by the measurement of the pyroelectric 
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Fig. 7. Temperature dependence of the pyroelec- 
tric current. Poling: 5kV/cm for 30sec at 
120°C. 

(a) Heating, electrodes area: 0.20 cm?2, 
(b) Cooling, electrodes area: 0.23 cm?. 
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lo 
Temperature (°C) 
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Fig. 8. Temperature dependence of the spontane- 
ous polarization determined by the pyroelectric 
current 
(a) in Fig. 7 (a), 

(b) in Fig. 7 (b). 


current, an incomplete decay of the absorption 
current as a result of the field treatment is 
apt to apparently increase the value of the 
spontaneous polarization. In the KNO: crystal, 
the absorption current flows for a fairly long 
time’, at least one part of which may be 
due to the above-mentioned crystallites-struc- 
ture of the crystal. 


§5. Dielectric Constant 


Fig. 9 (a), (b) and (c) show the temperature 
dependence of the dielectric constants along 
the a, b and c axes measured by a C-meter 
using the 100kc/s ac voltage, respectively. 
Although these results were not quite reprodu- 
cible owing to the destructibility of the crystal, 
distinct anomalies were seen at each transition 
in all of three directions, the one in the c 
direction being the most remarkable. The 
value of dielectric constant is nearly 5 in any 
directions at room temperature and it reaches 
beyond 60 along the c axis at the [lll 
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transition point. Above this point, the dielec- 
tric constant along the c axis obeys the Curie-_ 
Weiss law as shown in Fig. 10, where the. 
Curie constant and the paraelectric Curie 
temperature are found to be C=5.6x108°K 


Dielectric constant © «a 


Temperature (°C) 


(a) 


(b) 


Dielectric constant 


Temperature (°C) 


(c) 

Fig. 9. Temperature dependence of the dielectric 
constant (100 kc/s). 

(a) a direction, (b) 6} direction, 


(c) ¢ direction. 
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Fig. 10. Curie-Weiss law of é¢. 
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and 7.=308°K, respectively. This result is 
just what is expected from the appearance 
of the ferroelectricity in passing from the 
phase I to the phase III. The value of C is 
near that of NaNoO:!®.!", although the dif- 
ference between the Curie temperature 
and the paraelectric Curie temperature, T.— 
To, is rather abnormally large. 

Fig. 9 shows that all of the transitions on 
heating and cooling are of the first order, 
agreeing with the results of indirect and 
direct measurements of the specific heat*).1)) 
and that of a qualitative measurement on our 
samples. 


§6. Discussion 


It is nearly certain that the ferroelectricity 
in the phase III of KNOs; arises from the fact 
that the NOs group does not exist exactly at 
the center of the rhombohedral unit cell but 
in a position slightly shifted from it in one, 
é. g., positive direction of the c axis and that 
further the NOs group can make a jumping 
motion between two equivalent positions along 
the c axis following the reversal of the ex- 
ternal electric field. Assuming the valence 
of the NO; group to be —1, the value of the 
spontaneous polarization calculated from the 
amount of shift of the NOs group along the 
c axis, 0.55A, determined by the X-ray analy- 
sis at 120°C®, turns out to be 11 ¢C/cm’, 
which is a little larger than the experimental 
one due to the observation of the hysteresis 
loop, 8 uC/cm? (Fig. 2) and than the one due 
to the measurement of the pyroelectric cur- 
rent, 10 or 8pC/cm? (Fig. 8 (a), (b)). The 
calculated value may be said to be in good 
agreement with the experimental ones, con- 
sidering a tendency that the latter is liable 
to turn out to be smaller than the former, 
owing to an incomplete alignment of fer- 
roelectric domains. 

It is known that the NO; group is able to 
rotate in crystals under appropriate conditions. 
For instance, the transition point (275°C) just 
below the melting point (310°C) of NaNOs is 
generally considered to be a temperature at 
which NO; groups begin to rotate almost 
freely. Hence it would not be unreasonable 
to imagine that, also in the phase I of KNOs, 
NOs groups are, more or less, making rotations 
about the c axis and, presumably in accord- 
ance with them, oscillations along the c 
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axis.2) In the phase II, on the other hand, 
NOs groups are considered to be fixed in 
definite orientations in the c plane and ac- 
cordingly in definite positions along the c 
axis. In the phase III, NOs groups are sup- 
posed to be in an intermediate state between 
these two, z.e., they would be able to rotate 
about the c axis, although under a strong 
hindrance due to the crystal field, and accord- 
ingly to oscillate along the c axis across a 
potential barrier at the center. 

Such an idea being tentatively accepted, 
the ferroelectricity in the phase III of KNOs; 
can be said to be of the order-disorder type, 
and further, the above-mentioned speculation 
that the reversal of the polarization due to 
the displacement of NOs groups seems to be 
realized accompanied with the rotation of 
them, 7.¢@., that the former is not likely to 
occur without the latter, would lead us to 
consider that KNO;s has some feature of 
“molecular-rotational ferroelectrics’’, as Na- 
NO:;"*), although the rotation of the NO; group 
itself does not contribute to the reversal of 
the polarization since the regular-triangular 
NO; group has no dipole moment. 

The crystal structures of KNO; and NaNO:z 
seem to be considerably related with each 
other and the rotational behavior of NOs 
groups in KNO; may be supposed to be rather 
simpler than that of NO: groups in NaNO, 
account being taken of the more symmetric 


form of the former than the latter. The 
discussion of the ‘‘microdomain’’ and its 
linkage to the ‘‘macrodomain’’ may be 


made fairly parallelly in both of KNO; and 
NaNO;?®),1#,.10,. Anyway, the study of the 
ferroelectricity of any one of these two 
substances would be useful in understanding 
of the ferroelectricity of the other. 

A little more detailed discussion seems to 
be possible of the relation between the ferro- 
electricity and the behavior of NOs groups 
in the phase III of KNOs, taking account of 
the crystal structures not only of the phase 
Ill but also of the phases I and II, which 
will soon be described in another paper. 

The authors wish to thank Mr. E. Ichinoe 
for his cooperation in experiments. 
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Molecular structures and the behaviours of the free radicals produced 
in irradiated polyethylene were investigated by means of electron spin 


resonance. 


ESR spectra of high polymers are, in general, so complicated 


that the identifications of h.f.s. of the spectral patterns observed are 


difficult. 
polyethylene. 


Rather reasonable interpretations were, however, made for 
Variations of spectral shape and spectral intensities at 


various temperatures were discussed in connection with the identification 
of the free radicals produced and some of the irradiation effects in 


polyethylene. 


Introduction 


$1. 

The importance of the role of free radicals 
in the chemical changes occurring in irradiated 
high polymers is well known from a number 
of investigations. The behaviour of such 
radicals, therefore, presents an interesting 
subject of study in radiation chemistry. Of 
the many methods of investigating free 
radicals, electron spin resonance method has 
arather convenient and advantageous feature”. 


* The greater part of this paper were reported 
at meetings of the Physical Society of Japan in 1959 
and in 1960. 


By use of this method, informations on some 
of the primary irradiation acts will be obtained 
in the solid state without modifying the 
sample by any post-irradiation treatment. 
One of the main purposes of electron spin 
resonance study in radiation chemistry will 
be the identification of the molcular structure 
of free radicals produced. A number of 
investigations were published in this field 
recently. In the case of simple organic com- 
pound, rather unambiguous interpretations 
were obtained”). In the case of polymer 
substances, however, the situations are rather 
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complicated and separations of spectral lines 
observed or identifications of free radicals 
Produced are very difficult. Causes of the 
difficulty considered are as follows: a) There 
exist more than two kinds of free radical 
species in many irradiated high polymers. 
b) Line broadening caused by dipolar inter- 
action between electron spin and nuclear 
spin in neighboring sites makes the h. f.s. of 
ESR spectra rather diffuse. And c) various 
physical states in high polymer substances 
behave differently in trapping free radicals 
and give the different circumstances for 
hyperfine interactions, so the resultant spectra 
become very complicated. Therefore, ESR 
study of high polymer radicals can be con- 
sidered not only as a method of identifying 
the free radicals produced, but also as a tool 
for investigating the physical properties of 
substances through the observations of be- 
haviours of free radicals. 

In the present investigation, ESR spectra 
of some high polymers, mainly of polyethylene, 
were observed at various temperatures after 
the irradiation and the structure of free 
radicals and the effects of temperature of 
measurement on the shape of spectra were 
considered in connection with the physical 
properties of high polymers in solid state. 

It must be noted that in the course of 
preparation of this paper, a rather extensive 
investigation on polyethylene by Lawton et. 
al.) was published. Some of the results in 
this paper are in accord with their results. 
However, a view somewhat different from 
that of Lawton et. al. has been obtained on 
the identification of free radicals corresponding 
to one of the patterns. This identification 
seems to be consistent with the consideration 
on the effect of temperature on the shape of 
spectral line, which will be discussed in Sec. 
BA. 


§2. Experimentals 


The samples used were pellets and inflated 
films of high density Marlex 50, pellets of 
low density Sumikathene*, and other polymers 
films of polyvinylfluoride and pellets of 
polycarbonate). They were sealed in vacuum 
ampoules, some of which were subjected to 
heat treatments before irradiation at the 
femperature range of 100 to 115°C for 7 to 


* A product of The Sumitomo Chemical Company. 
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28 hours. 

The ampoules including samples were 
irradiated either by gamma-radiation from 
Co-60 source of 1000 curies or electrons from 
3Mev Van de Graaff type accelerator of 
Mitsubishi Electric Company, at various tem- 
peratures. Effect of the sort of radiation, 
gamma-radiation or electrons, did not appear, 
in general. 

Electron spin resonance spectra were ob- 
served by use of X-band spectrometer of 
Nippon Electron Optics Laboratory Co., Ltd., 
with krystron 2K25, full power of which is 
30 mW. 

Dewar vessel as shown in Fig. 1 was used 


mV meter 


Cap of 
Styrfoam 


(Ss 


Quartz Dewar 
Vessel 


iy fa) 
cc PA LH | 


Fig. 1. Dewar vessel used for measurement at 
lower temperatures. 


for measurements at low temperatures, in 
which liquid nitrogen or dry-ice-ligroin mixture 
was filled for measurements at 77°K and 
195°K, respectively. For measurements at 
the other temperatures, the followieg methods 
were adopted: For the temperature below 
the room temperature, ligroin cooled to an 
appropriate temperature by contacting with 
liquid nitrogen bath was filled in the dewar 
vessel. For higher temperatures, heated air 
was blown into the quartz tube shown in 
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Thermo couple 


Quartz Tube 


Fig. 2. Quartz tube system used for measurements 


at higher temperatures. 


Fig. 2, in which the sample was supported. 
The distance of the fan from the cavity and 
the current of the heater placed in front of 
the quartz tube determined the temperature 


of the sample. 


§ 3. Results and Discussions 


3.1 General Aspects of ESR Spectra of 


Irradiated High Polymers 


As mentioned in Sec. 1, ESR spectra of 
irradiated high polymers are, usually, very 


SO gayss (0) Polyvinylfluoride 
x, 6xt0% rads 


tt. 2.2 govss 


25 gauss (b) Polycarbonate 
Y. 6xlO7ads 
dF 2.2gauss 
TR. 77% 
T,O, 295°K 


50 gauss 
1 ERLE Polypropyrene 


Y, 5x10 "rads 
dk 2.2 gauss 
TREK 
UB rer als 


50 gouss_, 
(d) Polyethylene 
(Marlex 50) 


@, 5xI0°rads 
dt 2.2gouss 

TR, 77°K 

T.0. 77°K ('5db) 


50 gauss 
(e) Polyethylene 
(Marlex §0} 
e, 1x10® rods 


tt 2.2 gauss 
TR, 195°K 
T.0, 295°K 


Fig. 3. ESR spectra of some irradiated high 
polymers. Notations besides the spectra re- 
present the following meanings; e denotes the 
electron-irradiation, 7 denotes the ;-irradiation, 
-||- denotes the amplitude of modulation field, 
and TR and TO represent the temperatures of 


irradiation and observation, respectively. 


T.R. 77°K TO. 195°K 


complicated, reflecting the coexistence of} 
several sorts of free radicals, and separations: 
of superposed components or the identifications 
of the structure of free radicals are very’ 
difficult. Several examples of the spectral 
are shown in Fig. 3, which were observed in) 
our laboratory. All spectra in Fig. 3 have: 
almost the same g-values as that of DPPH! 
(Diphenyl-pycryl-hydrazyl). 

All figures in Fig. 3 were obtained with) 
the out-put power of microwave reduced t 
10 db. except in special case indicated in the. 
figure. The spin-lattice relaxation time in) 
electron spin. resonance of irradiated high, 
polymers seems to be fairly long, and ESR) 
spectra bear the effect of power saturation) 
in the case of full power of our apparatus. 
An example of power saturation is shown in 
Fig. 4 for the case of irradiated Marlex 50}. 
observed at 77°K. This shows that the} 
measurement must be made at thoroughly | 
reduced power, especially for a krystron of 
large power, i.e., X-13, for the purpose of 
identifications of free radicals in high polymers. 
In general, the effect of saturation broadening 
seems to be small in the case of high polymers 
containing fluorine. It was suggested, re- 
cently, by Yoshida‘) that the saturation |} 
broadening in ESR spectra of stable free |} 
radicals in polyethylene is inhomogeneous in. | 
nature. 
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Fig. 4. Variation of spectral line shape at variable» 
power of micro wave. Sample: Heat treated: | 
inflation film of Marlex 50 irradiated by electron. | 
in does of 3x10? rads at 77°K. 
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_ The effects of irradiation dose in the order 
of the dose in this investigation are, 
general, negligible. 


3.2 Identifications of Free Radicals Produced 
in Irradiated Polyethylene and Behaviours 
of Fast Decaying Component 

In the irradiation of polyethylene, it is 
customarily assumed that free radicals of 
alkyl type will be produced which have a 
large contribution in producing cross-links®). 
When the observation was made at room 
temperature, however, the structure of the 
‘spectra obtained was such that the predomi- 
nant types of the radical was the one other 
than that of alkyl type. 

When Marlex 50 was subjected to electron 
irradiation of very high dose rate, 1x105 
rad/sec, and measured immediately after the 
irradiation at room temperature, a spectrum 
of Fig. 5-a was obtained. This spectrum is 
made up of a superposition of at least two 
kinds of patterns. It decayed very fast at 
room temperature and tended to a stable 
spectrum of Fig. 5-b more than 100 hours 
after the irradiation. Fig. 7 shows the vari- 
ation of integrated intensity of spectrum 
with time. Integrated spectrum of Figs. 5-a 
and 5-b are shown in Figs. 6-a and 6-b, re- 
spectively, which are drawn with the same 
‘intensity scales. Subtraction of Fig. 6-b from 


in 


a) 


Hig. 5. ESR spectra obtained at 290°K for a pellet 
of Marlex 50 subjected to electron irradiation 
in dose of 5108 rads. 

a) Spectrum obtained soon after the irradiation. 
b) Spectrum obtained after storage for 143 hours 
at 290°K. 
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(a); 


08 10.0 108 50 10 


Fig. 6. ESR spectra of electron irradiated Marlex 
50: Integral patterns corresponding to those in 
Fig. 5. 

a) Integral pattern corresponding to Fig. 5-a. 

b) Integral pattern corresponding to Fig. 5-b. 

c) Pattern obtained by subtraction of (b) from 
(a). This pattern is a fast decaying com- 
ponent and has six h.f.s. components with 
intensity ratio of 1:5.0:10.8:10.0:4.2:0.8 


42 


100: 
e 
6 
gs 
& 
100 200 400 (hours) SOO 
Time of storage at room temperature after irradiation 
Fig. 7. Integral intensity of ESR spectra of 


Marlex 50 irradiated by electron at room tem- 
perature vs time of storage at 290°K after the 
irradiation. 


Fig. 6-a gives the Fig. 6-c, which has h. f.s. 
of six-line with splitting of approximately 30 
gauss and half width of approximately 25 
gauss. The intensity ratio of the h.f.s. of 
Fig. 6-c is 1:5.0:10.8:10.0:4.2:0.8, which is 
very close to the calculated value expected 
when magnetic moments of five protons in 
neighboring sites are equally interacting with 
the magnetic moment of the unpaired electron. 
This six-line spectrum would be that of free 
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radicals of alkyl type, -CH.CHCH.-, and ex- 
istence of such a free radical was suggested 
in measurements at liquid nitrogen tempera- 
ture by Smaller and Matheson” and Koritsukii® 
et. al. Lawton et. al.®) also decomposed the 
same spectrum, recently. A spectrum ob- 
served at liquid nitrogen temperature after 


(a) 


(b) 


_ ply (c) 


Fig. 8. ESR spectra of Marlex 50 irradiated by 
electron at 77°K in does of 3107 rads. 
a) Observed at 77°K soon after the irradiation. 
b) Observed at 195°K. 
c) Observed at 77°K after storage for 60 min. 
at 195°K. 


(a) 


(b) 


Fig. 9. ESR spectra of Sumikathene irradiated 
by electron at 77°K in dose of 5X10? rads. 
a) Observed at 77°K soon after the irradiation. 
b) Observed at 77°K after storage for 60 min. 
at 195°K. 
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irradiation at the same temperature, Fig. 3-d,.. 
seems to contain the six-line pattern as a 
dominant part. In the case of low density 
Sumikathene, the situation was approximately 
the same, but the rate of the decay of six- 
line component was very fast. 

Figs. 8 and 9 show the variation of signal 
intensities before and after heating to 195°K | 
for 60 min after the irradiation at 77°K. All 
spectra in the two figures were observed at 
77°K except that of Fig. 8-b. Integrated 
intensities of Figs. 8-c and 9-b are 80% and 
15% of respective initial intensities. This. 
means that even at low temperature (195°K) 
appreciable amounts of free radicals will 
recombine and this recombination will rapidly | 
occur in branched materials. If the recombi- | 
nation results in cross linking, the difference 
of the diminished amounts of alkyl type free 
radicals in branched and linear materials may | 
correspond to the difference of number of 
cross linkings in both materials at lower 
temperatures as reported by Lawton et. al.” 

Sharper spectrum of Fig. 8-b obtained at 
195°K seems to reflect the motional effect; 
if this is the case, the effect of dipolar inter- 
action in the case of electron spin resonance 
may, also, be related to the physical states 
of high polymers. When Figs. 8-a, 8-b and 
8-c are compared, effect of spin-spin broadening | 
is hardly detectable: The diffuseness of | 
spectrum obtained at low density of unpaired | 
electrons are approximately the same as that 
of initial stage. The existence of this effect. 
in polyethylene has already suggested by | 
Lawton et. al.*) Perfect conclusion on this. 
subject seems to be remained in future. | 
investigation. 
3.3 Stable Pattern of Polyethylene 

Free radicals corresponding to the spectra. 
obtained at room temperature fairly long | 
time after the irradiation, Fig. 10, are very 
stable at room temperature. In the case of | 
Marlex 50, the integral intensity of the: 
spectrum observed at room temperature more. | 
than four months after the irradiation was. 
90% of the integral intensity obtained im-. 
mediately after the irradiation. Decays of | 
the patterns of Figs. 10-a and 10-b are shown | 
in Fig. 11; samples were irradiated by gamma. | 
radiation in does of 310° rads and integral | 
intensities of ESR spectra observed at room. | 
temperature were plotted as a function of. 
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(a) 


(b) 


Fig. 10. Characteristic stable patterns of electron 
irradiated polyethylenes obtained at room tem- 
perature. 

a) Inflation film of Marlex 50 (1x108 rads). 
b) Pellet of Sumikathene (5x107 rads) 
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Fig. 11. Decays of stable free radicals of irradiated 
polyethylene at room temperature. (Temperature 
range at storage was 285°K ~290°K) 


the time of storage at the same temperature. 
Fig. 11 shows the faster decay of the stable 
pattern produced in low density Sumikathene, 
which reflects the difference of rigidity of 
trapped region in each material. If the 
irradiation does is over 210° rads, ESR 
spectrum obtained at room temperature be- 
come a diffuse singlet and very stable even 
at higher temperatures near melting point’). 
However, in the range of the irradiation dose 
less than the order of 10% rads, ESR spectra 
obtained are ones as shown in Fig. 10. 

As to the stable pattern, identification of 
the corresponding free radicals is not easy. 
The spectrum of Fig. 10 resembles a seven- 
line spectrum with splitting of 19 gauss and 
with additional small structures on main 
components. Situations are similar for high 
and low density materials. If the additional 
small structures are neglected, it can be said 
that the free radicals corresponding to the 
seven-line spectrum would be allyl type free 
radicals, -CH-CH-CH-CH2-, as suggested by 

© ® ® 
Koritsukii et. al.® If this is the case, reduction 
of the width of the splitting from 30 gauss 
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to 19 gauss may be due to the sharing of 
spin density to two carbon atoms, C and C, 

@) ® 
of conjugated double bond with resonance 
nature and production of negative spin density 


on carbon atom, C. Lawton et. al.*) suggested 
@ 


that the stable pattern probably corresponds 
to the free radical of the type of CHUGH 
which will be produced by scission of the 
main chain’). As will be mentioned in Sec. 
3.5, the stable pattern corresponds to the 
free radicals trapped in crystalline portion. 
Molecular fragments produced by scission in 
crystalline portion will recombine due to the 
cage effect, and only a few of such fragments 
will remain and will not be detectable as a free 


radical of the type of -CH:CH». The reduced 
value of the width of the hyperfine splitting, 
19 gauss, may support the discussion which 
favours the allyl type free radicals. Some 
considerations about the identifiaction of the 
free radicals corresponding to the stable 
pattern will be given in the next subsection 
in connection with the effect of temperature 
on the shape of the spectral line. 


3.4 Variation of the Stable Pattern at Various 
Temperatures 

In a sample of Marlex 50, which was stored 
at room temperature fairly long after irradi- 
ation, there exist very stable free radicals as 
mentioned before. This sample was cooled 
to liquid nitrogen temperature and ESR 
spectrum at the same temperature was 
observed. As shown in Fig. 12, seven-line 
pattern changes to nine-line pattern, and 
when the sample was warmed up to the room 
temperature again, the ESR spectrum returns 
back to the original one as before the cooling. 
It was certified, by several repeated experi- 
ments, that the change of the spectral shape 
was completely reversible and the integral 
intensity of the spectrum was not changed 
before and after cooling. At higher temper- 
atures, stable pattern changes to the one as 
shown in Fig. 13-f, in which small structures 
diminishes and the line shape approaches the 
typical seven-line spectrum with gaussian 
components (Fig. 14). This change at higher 
temperature range is also completely reversible 
except the reduction of signal heights caused 
by the decay of free radicals; dotted line on 
Fig. 13-£ was drawn at the elevated gain of 
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(a) 77° 
@ . 
(b) 181°K 
(©) 
(c) \98°K 
@& (d) 206% 
@? (e) 236°K 
(f) — p39°K 
(9) 970% 


Fig. 12. Variation of spectral line shape at vari- 
ous temperatures. (Lower temperature range) 
Sample: electron irradiated Marlex 50 (1108 
rads) 


the recorder. 

By observing the ESR spectra obtained at 
various temperatures, it can be said that the 
predominant peaks in the derivative curves 
at the low temperature range are l, 3, 6, 7 
and 8 of Fig. 10 and those at high tempera- 
ture range are 1,4,7and8. It was observed 
that the change of spectral shape in the low 
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Fig. 13. Variation of spectral line shape at vari- 
ous temperatures. (Higher temperature range) 


temperature range occurred at the tempera- 
ture near the glass-transition temperature. 
The peak 4, which is one of the predominant 
peaks at the higher temperature range, 
became prominent above 238°K. 

From these results it may be considered 
that variety of steric configuration of protons 
to the jp-orbitals of unpaired electron will 
cause the variable contributions of each proton 
to hyperfine interaction as suggested by 


Fig. 14. Comparison of the stable pattern obtained at 365°K, dotted curve, with the calculated 


pattern, solid curve. 


Sample is the same as that for Fig. 13. 


In drawing the solid curve, a 


ratio of the width of the splitting to the width at maximum slope, 4Hsp1/4Hms;, waS taken as 
1.1 and shape of each hfs component was assumed to be gaussian type. 
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McConnel et. al.” in the case of crystalline 
organic acid, and the ESR spectra obtained 
have small structures at moderated tempera- 
tures. In the higher temperature range, the 
effects mentioned above will be averaged out 
and the ESR spectra will tend to the typical 
seven-line pattern. In Fig. 14, the seven-line 
pattern observed at higher temperature are 
compared with the calculated pattern on the 
assumption that all components are gaussian 
in shape and a ratio of the width of the 
splitting to the width at maximum slope is 
1.1 Inner peaks of the observed pattern are 
higher than those of the calculated one. 
Singlet pattern, which is observed prominently 
in the case of very large dose, is said to 
have the width at maximum slope of approxi- 
mately 17 gauss®. The excess heights of the 
inner peaks of observed pattern will not be 
of incomprehensive, if the superposition of 
singlet pattern upon the seven-line pattern 
is taken into consideration. These consider- 
ations suggest the validity of the discussion 
that the free radicals corresponding to the 
stable pattern may be the allyl type ones. 


3.5 Post-Irradiation Behaviours of Stable Free 
Radicals 

High density Marlex 50 and low density 
Sumikathene were subjected to 7-radiation in 
dose of 310’ rads at room temperature and 
the concentrations of free radicals produced 
were measured after storage for various 
length of times at various temperatures. 
Estimations of the concentrations were made 
by comparing the integral intensities of 
spectra and that of DPPH solution of known 
concentration. Fig. 15 shows the variations 
of radical concentrations with time at various 
temperatures indicated on each curve. Decay 
scheme does not agree both with monomo- 
lecular and bimolecular reaction schemes. 
All curves dropped quickly in the initial 
stage and rather slowly thereafter. As to the 
production of free radicals in irradiation of 
polyethylene at room temperature, also, the 
stationary state between the production and 
the anihilation was not obtained and the 
yields of the free radicals increased linearly 
with the increasing dose of the radiation’. 
Yields of the free radicals at room tempera- 
ture are proportional to the amounts of 
crystalline portions of the samples as reported 
by author previously’. 
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Decay of the free radicals in polyethylene 
can be considered as follows: In storage at 
various temperatures, concentrations of free 
radicals will drop suddenly in the initial stage, 
so that the free radicals will be trapped in 
crystalline portion existing at the respective 
temperatures; then, trapped free radicals will 
decay gradually with fluctuating transition 
between crystalline and amorphous parts in 
the state of thermal equilibrium. Such a 
consideration supports the validity of infor- 
mation about the crystal size distribution in 
irradiated polyethylene as suggested in the 
previous paper’). 


% imensity of signal 


Time be gio utter wraantion 

Fig. 15. Relative concentrations of free radicals 

remaining vs time of storage at various tem- 

peratures. S and M denote Sumikathene and 

Marlex 50, respectively. Numerals represent 
the temperatures of storage. 
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Fig. 16. Relative concentration of free radicals 
remaining vs temperature of post-irradiation 
heating for 3 min. 


Fig. 16 shows the relative number of free 
radicals remaining vs temperature of post- 
irradiation heating; after the irradiation, 
samples were stored in a bath of each 
temperature untill thermal equilibrium was 
reached, then absorption intensities due to 
the free radicals remaining were measured. 
If the polyethylene crystallite is assumed to 
be composed of ”-paraffine chains, CnHoen+.2, 
the part of crystalline portions which melts 
at the given temperature is a portion of n- 
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paraffine chains, melting point of which is 
below the same temperature. The number 
of free radicals which vanish at -various 
temperature ranges will be proportional to 
the portion of m-paraffine in the crystallite 
which are to melt at the same temperature 
ranges. Therefore, the distribution of crystal 
size as a function of ~ may be obtained from 
Fig. 16. Table 1 shows the estimated values 


Table 1. Crystal size as m in CyHen+2. 


Range of n’s | Percent content in the samples 


in CrHon+2 | High Density | Low Density 

less than 20 | 0.0% 1% 
20~ 25 | 1.5 10 
25~30 4.5 15 
30~35 | 6.5 | 16 
35~40 | 6.0 13 
40~50 13.0 21 
50~60 | 12 9.5 
60~70 10 6 

more than 70 | 47 8 


of relative densities of m-paraffine chains in 
polyethylene. The values listed in Table 1 
are slightly smaller than the values for non- 
irradiated cases.* The reason is considered 
as follows: Cross linking junction may be 
produced in crystalline part also, and neigh- 
bours of the cross linking may become non 
crystalline due to irregular arrangement of 
molecules caused by intermolecular cross 
linkings, which, in turn, will be reflected by 
the reduction of long crystallites. Number 
of cross linking may be estimated as 1 per 
300 carbons in the case of irradiation dose of 
3x10" rads, provided that the cross linking 
G-value for polyethylene is approximately 3. 
Then the number of cross linking in a crystal- 
lite may be one or less, so the destruction 
of crystallite shall not be detectable or degree 
of crystallinity shall not be changed in the 
case of irradiation dose of order of 310’ rads, 
which was reported in the several cases!2). 


Conclusions 


ERS spectra of irradiated high polymers 
are, in general, very diffuse and the separa- 


* For non-irradiated case, more than 50% of 
the crystallites have the length of more than 100 
of nm in CprHon+. 12). 
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tion of the superposed components are very 
difficult. In the case of polyethylene, separa- 
tion of the components are possible by use: 
of difference in rates of decays of respective: 
components. Fast decaying component of six- 

line pattern is easily identified as corresponding: 
to alkyl type free radicals, which decays. 
faster in low density branched material than 

in linear material, reflecting the easier produc- 

tion of cross linking in amorphous phase. 

Stable component of approximately seven-line. 

pattern will be identified as corresponding to: 

allyl type free radicals by considering the 

number of hyperfine components, splitting 

width and the effect of temperature on the | 
shape of spectral lines. The effect of temper- 

ature on the spectral shape seems to be | 
related closely with the steric configuration 
atoms in free radicals and observation of ESR | 
spectra in melted state with simultaneous | 
irradiation will be desirable for the purpose 
of more convenient identification of the struc- 
ture of free radicals. The variation of the 
spectral shape at various temperatures of 
measurements are seen to be _ interesting 
subject of future investigations. Effects of 
pre-irradiation treatments of the sample on 
the variation of the shapes of ESR spectra 
will give the more accurate informations about. 
the situations of the hyperfine interactions. 
These subjects will be discussed in detail in 
the forthcoming publications. 
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The Growth of Corona Discharges in Air 
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The various stages of growth of corona discharges in a point-to-point 
gap were photographed in a cloud chamber. The gas investigated was 
air (40~400 Torr) and the condensing vapour was water. 

On applying an exponentially decaying high voltage pulse, the first cloud 
track appears on the anode point as a ‘‘ bead’’, and grows to a “‘ boss’”’ 
and then, the positive streamers shoot out from a circular rim of this 
S“NyOSS “7 

When the electric field is adequate a ‘‘ bead’”’ forms also on the cathode 
point and, when the electric field at the tip of the negative point becomes 
appropriately strong by approaching of a positive streamer or of an anode 
“‘boss’’, a cathode streamer or ‘‘spike’’ dashes out from this ‘‘ bead ’’ 
to meet the positive streamer or the anode ‘‘ boss’’ at a point one-fourth 
or one-third of the gap length from the anode. Then a filamentary con- 
ducting streamer starts from the anode. 

As ion current passes, an air stream is formed near the point electrode 
causing the shape and position of the pre-onset streamers to be altered. 
When both air streams collide with each other a track figure of ring 


shape results. 


§1. Introduction 

The growth of the corona discharges in air 
has been the subject of a number of investiga- 
tions!’. Many features have been revealed by 
use of suppressed discharges, Kerr cell electro- 
optical shutters, photomultipliers, oscillographs, 
Lichtenberg figures, and cloud chamber track 
pictures. But only the last mentioned shows 
the ion distribution directly. 

In order to see the behaviour of ions in the 
stages of the burst pulse formation, of the 


pre-onset streamer formation and of the 
breakdown discharges, the author photographed 
cloud track pictures at different stages of 
development of corona discharges in a point- 
to-point gap in air at reduced pressures. 


§2. Experimental Arrangement 


The cloud chamber used in this investiga- 
tion was the same as that used in a previous 
report?. The gas investigated was air and 
the condensing vapour in the cloud chamber 
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was water. Gas pressures used ranged from 
400mm Hg to 40mm Hg. 

The electrical impulse circuit used is shown 
shematically in Fig. 1. The condenser C 


es Ss 
DROP SWITCH 


+ 


Ci 


g- 
WILSON CLOUD CHAMBER, W 


IFig. 1. Schematic diagram of the experimental 
arrangement. 
C,=0.1yF, C=0.00025yF, R=500~10 Ka. 


Fig. 2. Exponentially decaying voltage pulse ap- 
plied to the gap. 
(a) --- ideal curve. 
(b) —— actual curve. 


charged to a definite voltage was discharged 
through a carbon resistance R by means of 
the drop switch S, whose electrodes were made 
of silver-tungsten alloy. The exponentially 
decaying potential drop across this resistance 
R was applied to the test gap g in Wilson 
cloud chamber W about 0.2 sec after the ex- 
‘pansion of the latter. The electrodes used 
~were sewing needles of 0.8mm diameter and 
0.002~0.02 mm radius of curvature. The gap 
length between the electrodes was 10mm or 
15mm. Inorder to reduce the mean statistical 
‘time lag to the order of 10-®sec, the gap was 
irradiated with 0.2mC Strontium 90. 

At 0.1 sec after the application of the voltage 
‘pulse to the gap, a xenon discharge lamp was 
excited to illuminate the cloud tracks which 
were then photographed. 

The pulse time or the time interval T dur- 
ing which the potential drop across the gap 
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would be larger than the starting potential U» 
was calculated, assuming that the maximum 
potential applied to the gap is same as the 
potential U across Ci, and afterwards the 
potential decays exponentially as broken curve 
(a) in Fig. 2. The ratio of U to Us is denoted 
in the following as the impulse ratio (I. R.). 
But actually the wave form of the voltage 
pulse at the gap differs from the ideal curve 
(a) but has the finite rise time and would take 
the form as shown diagrammatically in the 
solid curve (b). 

To make the rise time short the distributed 
capacity and the inductance of the circuit 
were made least as possible. The time neces- 
sary for the drop switch to make contact 
depends on the inductance of the circuit and 
the material of the electrodes. The average 
value for this time is in the order of 107° sec®). 
Accordingly the actual pulse time Tuc: may 
be about 10-8sec shorter than the value of T 
thus computed. The error due to this cause 
is negligible in the case of long pulse time 
but becomes considerable in the case of short 
pulse time as below 10-’ sec. 


$3. 

Many cloud track pictures showing different 
stages of corona discharges were taken in air 
at the pressures ranging from 400mm Hg to 
40mm Hg. Some typical figures obtained in 
the pressures 400, 300,---, 50 mm Hg are shown 
in Fig. 3, 4,---, 12 for different values of the 
calculated impulse ratio (J. R.) and the pulse 
time 7. The needle on the right side in these 
photograhs represents the electrode at which 
the positive voltage pulse was applied. 


Experimental Results 


400mm Hg Fig. 3 illustrates the step-by-step 
development of corona discharges in air at 
400mmHg. The first visual track appears 
as a tiny glow at the positive point and as 
a burst pulse glow around the positive needle 
in a time of the order of 10-*° second after 
application of the impulse voltage. This tiny 
glow or an “anode bead” is of the same 
nature as the burst pulse glow around the 
positive needle and would correspond to the 
photoelectrically ionized region suggested by 
Kip.” Then a few positive streamers extend 
out from this anode bead into the gap (Fig. 
3(a)-(e)). In a time of about 3-10-* second 
there appears around the negative needle a 
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Fig. 3. Cloud track pictures at 400 mm Hg. 
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Fig. 5. Cloud track pictures at 260 mm Hg. Fig. 6. Cloud track pictures at 240mm Hg. 
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Fig. 7. Cloud track pictures at 200 mm Hg. 
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Fig. 8. Cloud track pictures at 160 mm Hg. 
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Fig. 9. Cloud track pictures at 100mm Hg. 
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Fig. 10. Cloud track pictures at 80 mm Hg. 
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Fig. 11. Cloud track pictures at 60 mm Hg. Fig. 12. Cloud track pictures at 50 mm Hg. 
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burst-like glow (Fig. 3(c)), and then a tiny 
glow or a “cathode bead” on the negative 
point (Fig. 3(d)).. When an advancing positive 
streamer comes to the vicinity of this cathode 
bead, a negative streamer proceeds from the 
cathode bead towards the advancing positive 
streamer to meet it (Fig. 3(e)). 


300mm Hg Fig. 4 shows the similar be- 
haviour as above at 300mmHg. Fig. 4(a) 
shows an anode bead at the positive point 
and a burst pulse glow around the positive 
needle. Fig. 4(b)-(d) show the development 
of positive streamers. In Fig. 4(d) a cathode 
bead and a faint burst-like glow are seen on 
the tip and around the negative needle. In 
Fig. 4(e) two of positive streamers have 
advanced up to the negative point and were 
bridged with it. Rarely a negative streamer 
proceeds from the cathode point at this 
pressure. 


260mm Hg Fig. 5 illustrates the cloud tracks 
observed at 260mmHg. In Fig. 5(a) U.R.= 
5.1, T=2.2-10-® sec) an anode bead is seen 
on the positive point. In Fig. 5(b) (I.R.=4.6, 
T=5.6-10-8 sec) an anode bead has grown up 
to a disc shaped boss. From the circular rim 
of this boss there appear three positive 
streamers. 


240mmHg Fig. 6 represents the different 
stages of development at 240mmdHg. Fig. 
6(a) (IL.R.=5.2, T=2.1-10-* sec) shows an anode 
bead. an Tig, O(b) (1.R-=2'8, 7 =2.5-10"* séc) 
-6(c) (IL.R.=2.9, T=2.7-10-* sec) an anode bead 
has grown up to an anode boss which has a 
circular rim around the head. The cathode 
is also surrounded by the burst-like glow 
around the needle. In Fig. 6(c) a negative 


streamer or “spike” is seen extending out 
from the negative point. In Fig. 6(d) (I.R.= 
3.6, T=3.2-10-* sec) a negative streamer has 
reached the anode boss. Fig. 6(e) (I.R.=3.8, 
T=3.3-10-® sec) shows the anode streamers 
extending out from the circular rim around 
the anode boss. In Fig. 6(f) (L.R.=4.0, T= 
3.5-10-8 sec) and in Fig. 6(g) (LR.=5.0, T= 
4.0:10-§sec) the breadth of the negative 
streamer broadens, and in Fig. 6(h) (L.R.= 
6.3, T=4.6-10-*sec) both electrodes are 
bridged by a filamentary streamer and the 
cloud of the anode boss and the pre-onset 
negative streamer takes the form of flat 
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rings or a cymbal. The portion of a semi-- 
circular ring, which is seen below the positive: 
point in Fig. 6(f)-(h), is the cut end of a 
glass cylinder containing Sr®® which is used 
for the purpose of making the statistical time 
lag short. 


200mm Hg Fig. 7 illustrates the track pictures. 
taken at 200mmHg. Fig. 7(a) (.R.=4.0, T” 
=5.1-10-* sec) shows a grown up anode boss. 
In“Fig: 7b) (CR S=5i6, 2 =6.4-10-* sec) four 
positive streamers have extended out from 
the circular rim around the anode boss. Fig. 
INC) MN fe 4k, SO. 10 Sec FU” Cine 
5.3, T=8.4-10-> sec) show the burst-like glow 
around the negative needle and a pre-onset 
negative streamer. These tracks of the: 
negative streamers are separated from the 
cathode. This drift of tracks would be caused’ 
by the ion wind which has been built up by~ 
the negative ion stream during the pulse 
time. In Fig. 7(f) the inner portion of intense- 
ionization is surrounded by a less dense 
layer. In Fig. 7(g)-(G) a filamentary streamer 
proceeds from the positive point and in Fig. 
7(j) it bridges both electrodes. 


160mmHg Fig. 8 illustrates the behaviour™ 
of the growth at 16(0mmHg. In Fig. 8(a) 
(.R.=2.4, T=2.2-10-* sec) an anode boss is. 
formed and short streamers have just sprung 
out. Fig. 8(b), (c) show different stages of 
development of an anode boss and anode 
streamers. In Fig. 8(d), (e) a negative streamer 
has proceeded from the negative point to» 
meet the anode boss at about one quarter or 
one third gap length from the anode. 


100 mm Hg Fig. 9 illustrates the track pictures. 
taken at 100mmHg. Fig. 9(a), (b) show 
different stages of growth of an anode boss. 
In Fig. 9(c)-(e) a cathode streamer is pro- 
gressing to meet the anode boss. 


80mm Hg Fig. 10 illustrates the different 
stages of growth of corona discharges at 
80mm Hg. Fig. 10(a) shows an anode boss. 
Fig. 10(b) shows an anode boss, two short 
diffuse positive streamers and a broad cathode. 
Streamer mln HigeL OG), (Re 2eOnih—) 2-1 Ome 
sec) a filamentary streamer is beginning to- 
develop from the positive point. This fila- 
mentary streamer proceeds towards the nega- 
tive point (Fig. 10(d) and bridges the gap 
(Fig. 10(e)). The cloud ring which encircles 
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the filamentary streamer would be the remain 
of the cloud track of the pre-onset streamers 
drawn into a vortex due to the colliding air 
streams from both electrodes caused by the 
ion wind during the pluse time as it is ex- 
plained later. Figs. 11-12 illustrate also the 
growth of the anode boss, the advancement 
‘of the cathode streamer and the formation 
.of the track rings in 60 and 50mm Hg. 
‘$4. Discussion of Results 

From the observations described above the 
following may be said as to the growth of 
-corona discharges in air. 

The first visible track of ions is formed at 
-the anode point as a tiny bead in a time less 
than 10-®sec. This space charge bead of ions 
- corresponds to the photorelectrically ionized 
region or burst pulse glow observed by Gorrill 
and Kip*) and many others®®”?. When the 
pulse voltage is high the glow also spreads 
along the needle of the positive electrode. 

As the pulse voltage and/or pulse time are 
-increased the anode bead grows to a large 
ball of a few mm diameter. This would cor- 
respond to a burst pulse glow or positive space 
. charge boss observed by Trichel® and by Mohr 
and Weissler®, and also by Amin” at atmos- 
pheric pressure. When the pressure p is 
reduced the final size of the anode boss gets 
larger approximately as 1/p down to 140mm 
Hg. Below this pressure it takes nearly the 
- same size of 3.8~4.1mm diameter and 2.7~ 
2.9mm height. One of the Lichtenberg figures 
taken by Przibram® and one of the cloud 
track figures taken by Kroemer®) may be re- 
garded as displaying this anode boss. It appears 
that the ion density in this space charge boss 
is not uniform but shows an internal structure. 
At the pressure around 260~200mm Hg it is 
- Clearly seen that the boss is crowned by a 
circular rim around its head, and that the 
anode positive streamers start from this 
“circular rim’’. It has been generally con- 
sidered tthat pre-onset positive streamers 
could not start after the space near the 
positive point has been fouled by the space 
charge built up by burst pulses. But it now 
seems probable that the ions or excited atoms 
or photons produced by the burst pulses 
might play an important role in the formation 
. of a pre-onset positive streamer. 
The breadth of a pre-onset positive streamer 


TAMURA (Vol. 16, 
is roughly inversely proportional to the pressure 
down to 160mm Hg, and becomes 1.25~1.5 
mm approximately independent of the pressure 
below 140mm Hg. When the electric field at 
the cathode point becomes adequate there 
appears a faint track around the point and 
the needle of the negative electrode. This 
would correspond tg Trichel pulse glow?!?”. 
Then it concentrates as a tiny track of ions 
or a bead on a negative point. This space 
charge bead would correspond to the bright 
bluish purple button glow observed by Loeb, 
Kip, Hudson, and Bennett!!) in negative point 
corona in air. When the electric field at the 
cathode bead becomes sufficient because of the 
overvoltage and prolonged pulse time or by 
the positive space charge of an approaching 
anode streamer or of a growing anode boss, 
a negative streamer starts from this active 
cathode spot and extends along the lines of 
force to meet this approaching anode streamer 
or boss. This pre-onset cathode streamer is 
observed visualy as a faint bluish glow and 
would correspond to the ‘‘spike’’ observed 
by Moore and English”. The track of the 
cathode streamer becomes broad as the pressure 
gets lower down to 140mm Hg and takes the 
shape of a bell or a bottle. In the pressure 
range 60~240mm Hg, the cathode streamer 
meets the anode boss approximately at one 
quarter or one third gap length from the anode. 
It may be interesting to note that this pro- 
portion of the distances of the meeting place 
of the cathode streamer and the anode boss 
from both electrodes is approximately same 
as that observed by Holzer! in atmospheric 
air and that observed by White) with short 
gap in hydrogen and nitrogen at atmospheric 
pressure. 

Most of the cloud tracks of positive and 
negativest reamers seem dense at the periphery. 
This may be due to two causes. Firstly it 
may be real that the ion density is large at 
the periphery of these streamers and spikes. 
And secondly in the process of formation of 
fog, after building up of fog around the surface 
layer of an ionic cloud, the fresh vapour is 
unable to diffuse freely through this surface 
layer into the ionic cloud, so the depletion of 
fog density whithin the streamer results. 

In the pressures ranging from 100mm Hg 
to 250mm Hg the type of the corona discharge 
between point-to-point electrodes depends on 
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‘the chance that from which of the electrodes 
‘a pre-onset streamer first begins to start. 
Sometimes pre-onset positive streamers pre- 
dominate and sometimes, especially in low 
pressure range, cathode streamers or spikes 
predominate. Even when a cathode streamer 
or spike prevails, an anode boss is always 
formed and the former joins the latter ap- 
proximately at one third or one quarter gap 
length from the anode. This meeting place 
is defined by the height to which the anode 
‘boss has grown. 

After joining of a cathode streamer or spike 
with an anode boss there appears a filamentary 
breakdown streamer from the positive point 
‘and crosses the gap to the negative point. 
‘This filamentary streamer is very sharp even 
at low pressures and has a diameter of approx- 
imately 0.1~0.15mm. The cloud tracks of 
the anode boss and the positive and negative 
‘streamers are blown by the air stream or ion 
wind caused by the streams of positive and 
negative ions and change their shape and 
position. 

For instance in Fig. 6 (h) the ratio of electric 
field strength to gas pressure was 5300 volts/ 
cm.mm Hg at the tip of the needle. If we 
use the value 2.5cm?/volt sec for the mobility 
of the positive ions!” the velocity of the posi- 
tive ions in the anode boss would be in the 
neighbourhood of 8.9-10'cm/sec at the tip. 
‘The momentum of these ions is transformed 
into the general gas movement or the ion wind. 
‘This conversion would be considerably ac- 
.celerated by the presence of the water vapour 
which condenses around the ions to form the 
‘minute water drops. In the above instance 
the number of positive ions formed amounted 
approximetely to 2-10'? and the velocity of 
‘tthe ion wind would have been in the order 
of 5cm/sec at the tip of the needle. The 
blown distance of the ion track would have 
attained to 5mm at the time of taking 
photograph which was about 0.1 second after 


the formation of the ions. The effect of 
such an ion wind is clearly seen in the 
photograph. 


Similar change of position is also seen in 
the cases when the discharge was over in the 
‘pre-onset stage before becoming a breakdown. 
This change of positon is large when the 
impulse ratio, pulse time, and the duration 
between the application of impulse voltage 
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and the photographing of the track are large. 
At the negative point a certain proportion of 
the electric current in air is carried by negative 
ions which are formed by dissociative attach- 
ment in Oz in the region of low field to pres- 
sure ratio» beyond the tip of the cathode. 

For instance in the discharge of Fig. 7 (c) 
it is estimated from the value of the attach- 
ment coefficient given by Harrison and 
Geballe'®’, that the fraction of the electrons 
converted to negative ions in the region 1.3 
mm from the tip, where £/p is 63.7 volt/cm 
mm Hg, is 0.266 and the density of the nega- 
tive ions is 3.3-10'* ions/cm®. If we take the 
value 2.8cm?/volt.sec for the mobility of 
negative ions”, the drift velocity of the 
negative ions in this region is around 1.2-10° 
cm/sec and the speed of the ion wind will 
attain 0.68 cm/sec and the blown distance of 
the track will amount to 0.68 mm at the time 
of taking photograph. These values may be 
considered reasonable at least in order of 
magnitude as it is seen from the picture. 

When the air streams from both electrodes 
collide with each other a vortex is formed and 
the track of the pre-onset streamers may take 
the form of a ring which was shown to be 
the case. 
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Anodic Oscillation in Glow Discharge 
(Il) The Gap Properties, Analogous to an Ordinary 
Electric Oscillator with Linear Circuit Elements 
By Kazuyuki OGAWA 
Central Research Laboratory, Tokyo Shibaura 
Electric Co., Kawasaki 
(Received July 1, 1961) 
The gap of the anodic oscillator tube is described as a special type of 
dynatron oscillator. The characteristic capacitance Cy and inductance Lo 
of the oscillating gap, being the order of 10-%vf and 10-1~10-2H re- 
spectively, are determined from the frequency change caused by adding 
externally a variable condenser or inductor. The dynatron-type negative 
conductance comes principally from the transient ionization in the anode 
sheath. The behaviors of the quantities characterizing the oscillation 
such as the amplitude, the frequency, and the wave form can be explained 
systematically. The brief discussion about the physical meaning of C) 
and Ly is also given. 
§1. Introduction 


In connection with the impedance measure- 
ment of the oscillation-free discharge tube, 
it was clarified by other investigators” that 
the gap of a glow discharge tube is equivalent 
to a net work consisting of resistance, capaci- 
tance and inductance. On the other hand, 
it was also proposed long years before?) 
that the negative resistance exists in the 
discharge gap and may cause an oscillation 
with externally or internally coupled capaci- 
tance and inductance. It seems to be quite 


reasonable to combine the such resonator with 
the negative resistance for the explanation of 
the oscillation, but there are no detailed dis- 
cussions for the actual oscillation. 

After the completion of the preliminary 
investigation®, the behaviors of the anodic 
oscillation of the oscillatron have been studied 
in detail. First of all, the effects of the 
capacitance or the selfinductance which is 
connected in parallel with the gap have been 
found to be most interesting. That is, the 
change in the frequency caused by adding the 
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capacitance or inductance suggests that the 
discharge gap is equivalent to an antiresonant 
circuit consisting of a characteristic capacitance 
Coand selfinductance Lo. This type of resona- 
tor, as is well known, should be combined 
with the dynatron-type negative resistance 
to sustain the oscillation. 

The purpose of this paper is to explain 
phenomenologically the mechanism of the 
anodic oscillation with confirming the existance 
of the negative resistance on the basis of the 
experimental facts. 


§ 2. Experimetal Methods and Results 


The basic arrangements of the equipments 
are the same as that of the former paper, 
but different on using stabilized D.C. power 
source. B-type oscillatron with 10mm gap 
separation and 50 mmHg of pressure, which 
consists of a molybdenum disk cathode (20 mm 
in diameter) and a molybdenum needle anode 
(1mm in thick), is principally tested and the 
gas studied is spectroscopically pure neon. 
Pure argon and mercury-contaminated argon 
is also studied besides neon, but substantially 
different results are not found. The discharge 
is kept in normal glow. The measurements 
of the oscillating frequency are made with 
Tektronix type-545 synchroscope. The fre- 
quency or period of the oscillation is defined 
with that of the fundamental wave, because 
the wave form observed in many cases is 
considerably deformed from sinusoidal one. 
When two or more glow balls appear on the 
tip of the anode, the distinct wave forms 
corresponding to each glow ball are observed. 
In this case, however, to consider the interval 
of time between the two successive heads of 
the wave as a period may arouse much discus- 
sions, because ‘‘ period’’ means the interval 
of time between the two successive occurence 
of ‘‘ identical phenomenon ’”’, while two suc- 
cessive heads of the wave may not come 
from identical phenomenon when two glow 
balls exist. To be freed from this trouble, 
the oscillatron having only one glow ball is 
selected among many samples. 

When the precision variable condenser is 
connected in parallel with the gap, the change 
in the oscillating frequency with the external 
capacitance is given empirically by 


‘fue 1 
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here, f is the frequency when the capacity 
of the externally connected condenser is C, 
and fo is the frequency when C tends to zero. 
The constant Cy has an important meaning 
as the characteristic capacitance. 


VY, 


Fig. 1. The relation between C/Cy and f/f. 


The curve in the Fig. 1 shows the behavior 
of the Eq. (1). The points distributed along 
the curve show the experimental results plotted 
by using the value of Co which is determined 
at relatively small C. In the region of C/Co 
<30, the rule of the change in the frequency 
is represented by Eq. (1) to an accuracy of 
about +5%. ‘The amplitude behaves as shown 
in Fig. 2; the dotted curve is such that one 
plots with the value of Co which is lessened 
by suitably chosen amount from the experi- 
mentally determined value at 2mA of the 
tube current. The physical meaning of such 
trial will be discussed in the paragraph which 
deals with the dependence of the value of Co 
on the tube current. It is interesting that 
the value of C/Co in Fig. 1 at which the dis- 
crepancy between Eq. (1) and the experimental 
results is remarkable almost coincides with 
the value of C/Co in Fig. 2 at which the 
amplitude falls off. 


(Volt), 


1 10 100 
[Ce 


1000 


Fig. 2. The relation between C/C and the oscil- 
lating amplitude. 


At C/Co~15, the glow ball becomes almost 
perfect sphere and it goes to a longitudinally- 
elongated shape with increase in C/Co. The 


2012 


wave form comes closest to sinusoidal one at 
C/Co~15. 

Selfinductance ZL is connected in -parallel 
with the gap through a large (4 vf) blocking 


condenser. Then the change in the frequency 
is given by Eq. (2) 
ti eS 1+L/Lo 2s 
ho L/Lo 


where f is the frequency when the externally 
connected inductance is L, and fo is the fre- 
quency when L tends to infinity. The constant 
Lo is the characteristic inductance. The curve 
in the Fig. 3 shows the Eq. (2) and the points 
distributed along this curve show the observed 
value. When L/Lo goes to small value (less 
than 3) the observation become inaccurate 
because of the outbreak of the relaxation dis- 
charge. 


5 » 1OmA 
4 » SMA 
3 


1 WO 
Lu, 


Fig. 3. The relation between L/L and f/f,. 


Finally, the oscillating frequency of the gap 
without external capacitance or inductance is 
given by Eq. (3) by using above introduced 
Co and Lo, 
i, 

Kena (3) 
When the tube current is relatively low, f 
depends upon the tube current as shown in 
Fig. 4, and the glow ball grows larger and 
larger and becomes brighter and brighter with 
increase in the tube current. In the range 
from 5 to 14mA of the tube current, two kinds 
of wave with the slightly different wave form 
is frequently observed, and the oscillation is 
unstable, while only one glow ball appears 
on the tip of the anode. 

This would be probably caused by the fluctu- 
ation in the mode of the oscillation. Above 
16mA, the shape of the glow ball becomes 
steady and the frequency becomes constant, 
irrespective of the change in the tube current. 
It is a remarkable fact that Eq. (3) still holds 
even in the region which the frequency 
depends upon the tube current. In A-type 
oscillatron (a tube consisting of a wire anode 
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Fig. 4. The relation between the tube current 
and the frequency. 
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Tube current 
Fig. 5. The dependence of Cy and Lp upon the 
tube current. 


and concentric cylinder cathode), it is confirmed 
but in narrow current region that the rule 
expressed by Eqs. (1), (2), and (3) holds, 
because the shape or number of the glow ball 
in this type is so sensitive to the change 
in the tube current that one can not measure 
the frequency stably over the wide range 
of the tube current. 

Fig. 5 shows the dependence of Co and Lo 
upon the tube current. The dotted portion 
in this figure corresponds to the unstable 
oscillation region mentioned above in which 
the frequency measurements can not be made 
in good accuracy. The measured values of 
Co are on a line passing through the origin 
in the high current region but apart from the 
line in the low current region. This change 
in the behavior of Co might not be ascribable 
to the essential parts of the natures of Co, 
but due to the change in the discharge mode. 
The evidence of this consideration is shown 
in the relation between the amplitude and 
C/Co; that is, if one takes the value 1.9 Ome 
obtained at 2mA as a Co, the relation is 
Shown by solid curve marked ““2mA”’ in 
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Fig. 2, on the contrary, if one takes the value 
0.5x10-84f which is found by extrapolation 
of the line obtained at high current region, 
the curve displayed on the Fig. 2 shifts toward 
right as shown in dotted curve. Then the 
value of C/Co at which the amplitude falls off 
agrees with that of the other curves corre- 
sponding to the case of high current. 

The wave form of the circuit current is 
greatly affected by the selfinductance (1~ 
10-'H) connected in series with the gap, while 
considerable change in the wave form of the 
tube drop is not observed. The oscillating 
amplitude of the tube drop remains almost 
constant and the oscillating frequency also 
remains constant during the change in series 
inductance. The oscillating frequency and 
amplitude of the tube drop is independent of 
the series resistance, if the average tube 
current is kept constant by adjusting the out- 
put voltage of the power source. Thus the 
oscillating frequency and amplitude of the 
tube drop is independent of the oscillation in 
the circuit current; in other words, the oscil- 
lating gap can be regarded as an A.C. voltage 
source and generates the alternating current 
in the circuit. 


Mechanism of the Oscillation, Analogous 
to an Ordinary Electric Oscillator with 
Linear Circuit Elements 


Within the limits of C/Co<30, the apparent 
capacitance and the inductance exists in 
parallel with the discharge gap, and the oscil- 
lating frequency agrees with the resonance 
frequency in good approximation. The mecha- 
nism of the anodic oscillation is proposed on 
the basis of this experimental facts, and is 
developed to a certain extent in this section. 


3.1 Separation of the Factors Relating to the 
Oscillation 

In A-type oscillatron, one can find an 
interesting fact such that the wave form shown 
in Fig. 6, similar to the electric wave of the 
ancient spark oscillator, is occasionally ob- 
served at a critical current. Its amplitude 
decreases exponentially with passing in time 
as shown in Fig. 7, and each damped oscil- 
lation starts with the outbreak of the glow 
ball. It may be considered from this phe- 
nomena that the mechanism which governs the 
time rate of the voltage change of the oscil- 
lating gap has primarily no relation to the 
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mechanism which governs the outbreak of the 
glow ball. 


Fig. 6. An example of the damped oscillation 
appearing in an A-type Oscillatron 


un oO 


Amplitude (arbitrary) 


e*) 


fo) ( 2 3 x10~4 (sec) 


Time 


Fig. 7. The logarithmic damping in Fig. 6 


3.2 Growth of the Negative Conductance* 

In advance of the introduction of the nega- 
tive conductance, it is convenient to make a 
model which shows the oscillation mechanisms. 
Now, the case in which the average value of 
the discharge current is constant and suf- 
ficiently large compared with the oscillation 
amplitude of the tube current may be con- 
veniently considered; actually, this assumption 
is quite conceivable with oscillatron. Fig. 8 
shows the potential distribution in such a 
case. 


Potential 


Cathode<——— Distance Anode 


Fig. 8. The potential distribution in the oscil- 
lating gap. 


* Henceforth, the negative conductance is con- 
sidered in place of the negative resistance for con- 
venience of mathematical expression. 
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The state with the anode drop is represented 
by the curve (a); a gentle slope of the potential 
in the Faraday dark space is checked up ex- 
perimentally. When £/p in the anode drop 
gets a certain value, the collision ionization 
by electron takes place. The ionization may 
start at the nearest position about the anode, 
and the positive ions run down along the 
slope of the anode drop. Then the electron 
space charge in front of the anode is neutra- 
lized. This is the (b) state, in which the 
ionization ceases now. The electron current 
supplied from the negative glow to the anode 
region increases with decrease in the negative 
gradient of the potential in the Faraday dark 
space. And consequently, the anode potential 
further goes down so that the tube current 
is remain constant. This is the (c) state. 
The positive ions go back and thus the (a) 
and (c) states alternately arise. This process 
is equivalent to the charge-discharge cycle in 
the ordinary condenser. Whether the oscil- 
lation sustains in itself, it depends upon the 
balance of amount of the positive ion between 
supply and loss, and also depends upon the 
manner of the supply of electron. 

When i, ”, and v are the density of the 
electron current flowing into the ionizing 
region at the anode tip, the density of the 
positive ion created in the ionizing region and 
its drift velocity along the anode drop re- 
spectively, the internal current density j is 
given by 

j=nvtt. (4) 
Oner <aASSHINCS Wm HY age X) eae OI at) 
i= Vy, x) though 7 is independent of x, where 
Va is the anode drop, V; is the voltage drop 
in the Faraday dark space, and x is the posi- 
tion. If one denotes the cathode drop by Vz, 
the total tube drop V is given by 
V=Ve—Vys+ Va. Gam) 
The potential drop Vy; is not a independent 
variable, but the function of the anode drop 
Va according to the oscillation model. Differ- 
entiating the Eq. (4) by V, one obtains the 
differential conductance 
dj (» dv at dn, a pia 
AVON dVa “dVae ave GV aeyeve 
here the changes in 7, m, v are observed at 
fixed x. Then 
P dn_, di dVyz 
dVa0 ed VeedVa 


(6) 


<i, (7a) 
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dv 
ave’ 


‘ dn 
dVa 


di dVy 


(7b) 
dV; dVa | 


have to be fulfiled in order to make dj/dV < 0, | 


because of the relation dV,/dV>0, dVs/dVa<0, 
dildV+>0, dv/dVa>0. Now, the time rate of 
the ion production is expressed by 


dn 


eh OU) (8) 


Hence g(Va) is the effective ionization cross 
section, and F is the numbers of collision per 
second. The function F(z) depends upon the 
process of ionization; if the ionization by 


single impact «is dominant, F(z) is a linear — 
function of 7, on the contrary if the cumulative | 
ionization takes place, # contains the cross | 


Eq. (8) leads to 


rik 2h dt 
ives ba NI laanegs 


At the beginning of the break down of the 
anode sheath, dn/dV, is negative because of 
dt/dVa<0, and ” is very small. Therefore, 
(7a) and (7b) is simultaneously fulfiled and 
dj[dV is negative. As time goes on, g(Va) 
quickly decreases and finally becomes zero 
while m increases, | dt/dV;-dV;y/dVa| also 
decreases. When the relation (7b) is broken, 
dj/dV turns to the positive conductance. So 
far, the behavior of the differential conduc- 
tance has been followed with time for con- 
venience’ sake, but 7 is the explicit function 
of the tube drop V. The relation between j 
and V is shown in Fig. 9; the ignition voltage 
is given as Vig and the evolution of the time 
is shown by the arrow. 


term of and 2. 


dn (9) 


V Vig 
Fig. 9. The dynatron characteristics of the gap. 


Chai Yeh and Chaffee’, in their experiments 
for the impedance measurements in the low 
pressure mercury discharge, observed the 
negative resistance accompanied with the 
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hissing*. In general sense of the geseous 
discharge, it may be considered that the 
transient ionization gives rise to the negative 
conductance (or negative resistance), which 
has been, however, obtained as a current- 
controled type. On the contrary, the negative 
conductance in the oscillatron is voltage- 
controled or dynatron type. Fig. 10 shows 
the equivalent circuit of the oscillatron. 


Fig. 10. The equivalent circuit of the oscillatron. 


The negative conductance and the loss con- 
ductance are represented by —G and g re- 
spectively. The analysis of this type of the 
circuit was made by Van der Pol®. Accord- 
ing to his theory, the oscillation appears in 
many kinds of the wave form including even 
relaxation type with the combination of the 
dynatron characteristics and the parameters 
of resonator. The great variety of the wave 
form in the anodic oscillation may be similarly 
explained, though it is almost impossible to 
determine the parameters of the dynatron 
characteristics in actual case of the oscillatron. 
The voltage amplitude of the oscillation is 
determined by the non-linear characteristics 
of the negative conductance which depends 
upon the following factors. (i) The process 
of ionization: the hysteresis of the g(V.) holds 
the most important position in the generation 
of the negative conductance. If there exists 
no hysteresis, du/dV, becomes zero in an 
instant of the break down of the anode sheath, 
and consequently the length of the negative 
slope in the j-V curve will be extremely short. 
The metastable atom is considered as an im- 
portant factor which causes the hysteresis. 


* Hlissing accompanied with the electrical oscil- 
lation is also obseryed in the oscillatron, 
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The trace admixture of the hydrogen in rare 
gas destroys the metastable atoms and there- 
fore the oscillation is weakend or stopped. 
(ii) The electrostatic energy stored in the gap: 
|dj/dV | increases as |di/dV| goes up, and 
| di/dV | increases with the rise of the electro- 
static energy of the gap, because the nature of 
the voltage source is inclined to the constant- 
voltage character. When the externally added 
capacitance is too large, the average tube cur- 
rent is no longer kept constant, and therefore the 
neutralization of the electron space charge in 
the Faraday dark space is not followed by 
enhanced lowering of the anode potential. 
From these, it is understandable that the 
curve of the voltage amplitude versus the 
external capacitance shows a peak. The 
voltage amplitude of the oscillation is also 
affected by the magnitude of the initial anode 
drop, though it is not so essential part in 
contrast to the length of the negative slope 
of the dynatron characteristics. For example, 
the oscillation amplitude becomes small when 
the tube current or gas pressure is low, because 
the bottom of the potential in the Faraday 
dark space goes near the anode with decreasing 
in the tube current or the gas pressure® and 
consequently the E/p comes to the critical 
value even at comparatively low anode drop. 

In conclusion of this section, it should be 
reminded that the dynatron characteristics 
does not exist over the whole period of the 
oscillation. It is presumed from the duration 
of the glow ball® that the negative conductance 
lasts over a quarter of the period. So the 
oscillation sustains when the gain of energy 
during a quarter of the period is equal to the 
loss of energy during other three quarters of 
the period. 


§4. Discussion on the Values of Co, Lo, and g 


The characteristic capacitance of the gap is 
found at the order of 10-* uf, and independent 
of the oscillating frequency. First of all, this 
value is considerably large compared with the 
value expected from the results of other ex- 
periments.” *) This extraordinary value in 
the present case may be ascribable to the 
polarization of the gap. 

The magnitude of the characteristic in- 
ductance obtained in the oscillatron is 10-'~ 
10-2H. Benson! found the value of the order of 
10-7H at 10kc in 85A1 type yoltage regulator 
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tube. Townsand and Depp” investigated the 
change in the impedance with the distance 
between the anode and the cathode in cold- 
cathode discharge tube filled neon at 100 
mmHg, and found that the inductance in- 
creased with the development of the anode 
drop up to several tens of its initial magnitude 
10-2H. In these two author’s experiments, the 
impedance is measured by means of super- 
posing the small amplitude of alternating voltage 
across the noise-free discharge tube. The 
inductance coming from the two different 
methods of experiments agrees with each 
other, but there are great differences in the 
dependence on the frequency among the two. 
The inductance measured by means of super- 
posing the alternating voltage decreases with 
increase in the frequency. On the contrary, 
the inductance obtained with the anodic oscil- 
lation does not show the dependence on the 
frequency. Darrow® proved that the current 
density being quadrature with external electric 
field is proportional to Y=nme?w/(m?o?+7’), 
when an alternating electric field is applied 
to the ionized gas. Where, m is the mass of 
the current carrying particle, ” is its number 
density, @ is its charge, w is the angular fre- 
quency of the applied field, and 7 is the 
coefficient of friction which the charged particle 
suffers during its motion. If7 is very small com- 
pared with the mw one find Y=ne?/mw, and then 
m|ne? is recognized plainly as an inductance 
which originates from the inertial motion of the 
charged particle. If one assumes n=10° cm-3 
and puts 3.3x10-** gr. for the mass of neon 
atom, the inductance is about 1H. If one 
applys Darrow’s formula to the case of oscil- 
latron, it is very strange that 7 must be small 
compared with mw in spite of the fact the 
collision frequency of the ion is far greater 
than the oscillating frequency. Probably, 7 
might be seemingly small because of the 
contribution of the electronic motion induced 
by the ionic motion to the total current; from 
the same reason, the value of the inductance 
calculated from Darrow’s formula may be also 
reduced to the smaller value. Yussuf and 
Prescott® discussed the inductance of the 
discharge tube and concluded that the inductive 
character comes from the time lag of the 
ionization and diffusion of ions. In the present 
case, however, the time lag of the ionization 
may be ignored because the build-up time of 
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the light pulse of the glow ball is far fast 


compared with the voltage change, and the — 


time lag of the diffusion is also ignored at 
above several kilocycles, as was pointed out } 
by Yussuf. | 

The positive conductance g comes from the 
loss of the ions caused by diffusion, running 
away, and recombination. The frictional force 
against the ionic motion is to contribute to 
the positive conductance, but it may not be so 
effective because of thesmallr-factor. The glow 
on the anode is formed into a ball, as the sphere 
is a shape of making diffusion loss minimum. It — 
should be attributed to the increase in the loss of | 
the ions that the tube wall or other materials 
close to the anode tip greatly disturb the | 
growth of the oscillation. The magnitude of | 
g can be estimated from the characteristics 
of the damped oscillation in A-type oscillatron. 
The amplitude is damped with the factor 
exp(—gt/2Co). If one finds the time interval 
in Fig. 7 for which the amplitude is damped 
to l/e of its initial magnitude and use 10-°yf 
for Co, g comes to 1.1410-* mho. 


§5. General Discussion and Conclusions 


When C/Co is large, the change in the oscil- 
lating frequency is not represented by Eq. (1). 
This may come from the character of Co and 
Io, which are non-linear elements in them- 
selves. When the additional capacitance C is 
small, the source impedance at the gap is 
very high and consequently the fluctuation of 
the circuit current is very small so that Co 
and Zo can be regarded as a linear element. 
When C/C> is sufficiently large, the current 
dependent part in the resultant capacitance 
becomes very small, while Zo still remains to 
be dependent according as shown in Fig. 5. 
Therefore, the change in the oscillating fre- 
queucy is reduced with increasing C, when C 
is large and consequently the source impedance 
islow. The oscillation is to be also non-linear, 
when the current amplitude is the same order 
as the magnitude of the average current—this 
situation arises when the series resistance is 
very low—but the oscillation of this case 
was not observed because of the instability. 

Above all, it is concluded that the gap of 
the anodic oscillator tube—oscillatron—can be 
regarded as a dynatron-type oscillator in which 
there is a resonator together with a dynatron- 
type negative conductance. The resonator 
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consists of a characteristic capacitance and a 
selfinductance. The dynatron-type negative 
conductance comes from the transient ioni- 
zation in the anode sheath and the electrostatic 
energy stored in the gap. The behaviors of 
the quantities characterizing the oscillation 
such as the amplitude, the frequency, and 
the wave form can be explained systematically. 
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University of Education and Mr. Seiichi Taku- 
tsu of Electrical Communication Laboratory 
of Nippon Telegraph and Telephone Public 
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discussions. The author’s greatful thanks are 
also due to Professor Isao Takahashi of Uni- 
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The particle orbits in a corrugated magnetic field having neutral 
points, at which the magnitude of the field vanishes, are studied. An 
axially symmetric case is treated in detail and the effect of the curva- 


ture is also considered. 


It is shown that the charged particles do not 


escape from the neutral points when they are situated several Larmor 

radii inside the line of force which passes through the neutral points. 
The possibility of the confinement of a hot plasma in a general corrugated 

field including the case studied previously by Kadomtsev is discussed. 


Introduction 


§1. 

The confinement of a hot plasma in a 
corrugated magnetic field having the neutral 
points at which the magnitude of the field 
becomes zero, as shown in Fig. 1, was studied 
by several authors!-®. The Heliotron, a 
device based on this principle of magnetic 
confinement, was recently constructed at 
Kyoto University and is now under experi- 
ment. The details of the Heliotron will be 
reported by K. Uo in another place. Here 
we investigate the motion of charged particle 
from the point of view of the orbit theory in 


order to know the behavior of a plasma in 
such a magnetic confinement as Heliotron. 
In §2, the characteristics of the corrugat- 
ed magnetic field are described. In §3, the 
motion of a charged particle in the axial 
symmetric corrugated field is studied. By 
virtue of the conservations of the energy 
and the angular momentum of the particle in 
a static axial symmetric field, we find the 
allowed region of motion for the charged 
particles, and thus obtain the condition of 
their confinement in such a magnetic trap. 
However, the problems concerning the stabi- 
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lity of the confined plasma are out of the 


scope of this paper. 
In §4, the time averaged angular drift of 


the guiding center of the particle, 6, is 
calculated based on the first order orbit 
theory and its relation to the interchange 
instability is discussed. In §5 we deal with 
the curved corrugated field. The motion of 


the particle is the synthesized motion of 6 
drift and the curvature drift. It will be 
shown that two drifts compensate well each 


other when @ is fairly large. The orbital 
motion is understood more clearly, if we 
describe it using the longitudinal adiabatic 


inveriant, /=m § viidl (the particle mass 


times the integral of the velocity parallel to 
the field over a complete cycle). 

Finally, we compare our results on the con- 
finements of the charged particles with those 
of Kadomtsev. The latter is found to be 
valid only for the particles which move near 
the central axis with small transverse energy. 
We obtain the more general results applica- 
ble to the particles of large transverse 
energy and near the neutral line (the line of 
force passing through the neutral points). 
The angular drifts are found to be strengthen- 
ed by a factor 3 near the neutral line as 
compared with the value of Kadomtsev. 
Thus, the scale of the device is able to be 
reduced considerably. 


§2. The Magnetic Field 


Let us consider an axially symmetric cor- 
rugated magnetic field which is represented, 
in the cylindrical coordinate 7, 0, z, by the 
vector potential 


1 (Rr) 
Asa Bl pa 
; of 2 f RI(kd ) re bal : 


A,r=0, A-=0, Cir) 


which satisfies 7?A4=0, where J(kr) and 
Ii(kr) are the 1st kind modified Bessel func- 
tions of the zeroth and the first order, 
respectively, k and d are the parameters to 
determine the shape of the magnetic field, 
and Bo is a constant. The components of 
the magnetic flux density B,, B, are derived 
from Eq. (1) as 


th OA I(kr) .. 
Br= == — By 
a2 "To(kd) sin k 


’ 
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aaa 2 __ Tolkr) \ 
cae ‘- rAd} =Be {1 iP cosa} 
(2) 


The magnitude of the magnetic field becomes 

zero at the point r=d and kz=2nz (n=integer), 

which will be called neutral points hereafter. 
The lines of force is given by 


rAe=cost. , C3) 
and their configuration in the v-z plane are 
shown in Fig. 1. For the lines of force near 


2r/k 


Fig. 1. The line of force with kd=3. The point 
of kz=2nx and r=d is the neutral point where 
the magnitude of the field vanishes. The line 
passing the neutral point is called the neutral 
line. 


mirror ratio v a 
—F Wea ef Ol SO) is’ (OO) ORO 


2. 
kn 


Fig. 2. The mirror ratio of the line of force 
with kd=3 as a function of 7}. (r; is the radial 
coordinate of the line of force at kg=2n). The 


mirror ratio becomes infinity for the neutral 
line. 


the axis of symmetry, it is more convenient 
to use the approximate formula 


fisateh Te: I(Rro) cos kz , 


ey ee ‘ 
aia Ag Fe Si 


These have been obtained by expanding the 
equation 
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dr_ _—_ei(kr)sinkz 


dz 1—el(kr) cos kz’ 
in the powers of eJo(kr) cos kz and by integrat- 
ing it under the appropriate boundary 
condition. 
The magnetic field given by Eq. (2) is 
regarded as a mirror field and we can define 
the mirror ratio of each line of force: 


_Bkz=z) 
B(kz=0) * 


The value of mirror ratio is shown in Fig. 2 
for the line of force of Fig. 1. 

Let us consider a particle which has the 
transverse energy W,° and the total energy 
W at r=ro and z=0. From Eq. (2), the ratio 
a of these energies is given by 


(4) 


L= pir” | ie mee 


Bae 222s r0( 


where m, v, and Ze are the mass, velocity and charged of the particle, respectively. 
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W.! _ pBo 
w WwW 
where # is the magnetic moment of the 
particle. The above particle has the longi- 
tudinal energy Wi, at z 
Wi= W-— uB 
=UBoelo(kro)(cos kz+7) , (6) 
where y=2(1—a)/a(v—1), and we have used 
the Eq. (3’) for the line of force which is 
valid only near the central axis. 


= (1—elo(kro)) , (5) 


§3. The Region of Motion for a Charged 
Particle 

The non-relativistic Lagrangian of a charg- 

ed particle in the field with the vector 

potential Ae is in the cylindrical coordinates 


(kr) 


RI (kd) ) 


cos kz ) , 


It is 


seen that @ is a cyclic coordinate in Eq. (5), so that the angular momentum dL/40 which is 


the canonical conjugate to @ is the constant of motion. 


In terms of the momentum of the 


particle P=(mr7, mrO, mz ), we obtain 
Fe rig + ges atin cos kz )=rPot $= M (8) 
where 
cua eudear sate foci (9) 
The Hamiltonian & is given by 
= 5 os met tee tPA = =——— — (P2+P. py=Ww (10) 


which is also the constant of motion. 
the influence of a potential U=1/2 mr 


The charged particle moves in the 7-z plane under 
2.(M—v)*, so that the region 


U 
0<—<1 (11) 
<W*s 
is accessible to the particle orbit. After a simple calculation Eq. (11) is reduced to 
R?oM a lk 2 kr Is(kr) heck? R-ooM 
ed 3 cae alee ares s , (12) 
k?| 00 <a 5 (Rr) ha(kd) cos kz |Po| b 


with po=cp/ZeBo which will be called the 
total Larmor radius of the particle (p is the 
total momentum). 
A family of the functions of kr, 
fbr, ba) = hry 
is shown in Fig. 3, taking kz asa parameter. 


coskz, (13) 


In the r-z plane, the particle moves in the 
region where f(kr, kz) takes a value inter- 
mediate between the two straight lines 


—R?*|00 fee Coe ae 


and 
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f(kr,kz) 
case I 
ye=kpolkr+kM/p) 
caseI 
2 M y,2-kpdkr-kM/p) 


Fig. 3. The region of motion for a charged parti- 
cle in the r—z plane. The particle moves in 
the region where the values of f(kr, kz) lines 
between two straight lines y; and ya. In case 
I, the particle moves in the r direction slightly 
and the adiabatic approximation is varid. In 
case II, the adiabatic approximation is violated 
and the particle can freely move from the 
interior region of r=d to the exterior. 


R?ooM 


2=k?|00|\ry +... 14 
¥ |Oo|7 , (14) 


The constants k’?0 and k?a.M/p in the 
above equation are determined by the initial 
conditions of the particle; 

Bac7 
— Ze Bo ; 
M=rsp cos a+(rs, Zs) , 


(Po 


and 


_ prs Ys T(Rrs) 
Ya aaa i. klo(kd) 


where Pcos2 is the component of the mo- 


cos kz) Recl)} 


s  Ti(Rrs) ad? dl(kd) 
B = COs A Gee :) cee 
|Qold+ Pors cos Ar 2 biked) cos kzs )\< 
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mentum in the @ direction and 7s, 2s represent | 
the position of the particle at a given time. | 
Among the family of the curves in Fig. 2, 
the one which lies at the bottom corresponds 
to the curve of kz=2nz. It is readily seen 
that this curve takes its maximum value at 
the neutral point r=d, 
kdI,(kd) 

In(kd) ’ 
Comparing the value f(d, 0) with the value 
yz at r=d, we find the two alternative cases 
as shown in the following. 

Case (I) 


Fa. 0)= (ka 3 (16) 


k20.M kdl.(kd) 


In(kd) — 
The allowed region of motion is separated | 
into the two parts, r<d and r>d, in this 
case. It is obvious that the particle staying 
in the inner region, r<d, can not move into 
the outside. It is also seen in Fig. 3 that 
the particle moves in the 7 direction only 
slightly and the adiabatic approximation is 
valid. 

Case (II) 


R?|00|d-+ 


< =(kd)? a (7) | 


kdli(kd) 
Io(kd) 


R?| oo|d+ > =-(kd)? = 


Rol 
p 

(18) 
The adiabatic approximation is violated in 
this case. The particle can freely escape 
from the interior region, r<d. It is also 
possible that the particle in the outside 
region, r>d, enters the inside again. Thus 
it follows that the condition of the confine- 
ment of the particle inside the neutral field 
line (the line passing through the neutral 
points r=d, kz=2nr) is given by 


2 = kIo(kd) © (19) 


The condition given by the Eq. (19) is clearly violated for the particles which just pass 


through the neutral points. 


Now let us consider the particle which lies a little inside the neutral line. 


of the neutral line is 


i I(kr) 
kIo(kd) 


(or 
2 


The equation 


cos hz \=d 


=e 


6 


I(kd) le a 
kI(kd) 


where a is the value of v at kz=z/2. For the particle kzs=r/2, rs=a—€, the condition (19) 


becomes 


€ —2(p0 cos A+a)E+2(o0a cos A+ |old)<0 . 


(20) 


It is obvious from Eq. (20) that the particle is never confined in the magnetic trap unless 
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the particle satisfies the inequality 
Qo” COS? A—2| 0o|d+a?>0. (21) 


By the confinement we mean that the charged particles are trapped inside the neutral line. 
In the practical case where oo<a, the condition (17) becomes simply 


> lool(S cos a) ; (22) 


where + sings denote ion and electron, respectively. In the case of >| 0|(d/a+1), the 
particle is thus confined in the inside region of the neutral line regardless of the direction 
of the velocity vector. 

It should be noted that the regions of the confinement are different for the electrons and 
ions. As far as the energies of the electrons and the ions are not different so much, the 
Larmor radii of the electrons are much smaller than those of the ions. Therefore the 
electrons do not escape from the nutral points unless they lie on the line which is very near 
the neutral line. On the other hand, ions will be lost near the neutral line. Thus it may 
be expected that the charge separation will arise near the neutral line. This charge sepa- 
ration will be cancelled by the motions of ions, however, since the ions can move freely in 
the y direction near the neutral line on account of the breaking of the adiabaticity. 


§4. The Drifts 


In the axial symmetric magnetic field the time averaged motion of the guiding center 
(the center of the Larmor revolution) of a charged particle drifts in the @ direction, and 


the time average of the @ is estimated by the first-order orbit theory as* 


5—£(§ Pet) /( Fi) S 


where R is the curvature radius including the sign and d/ the line element of the line of 
force. 
Rosenbluth and Longmire‘ showed that the stability of the plasma depends upon the sign 


of the mean value of the e@ about the ensemble of the particles. If <e> is positive the 


plasma is stable against the interchange instability, while the plasma is unstable, if <e0» is 
negative. 

In order to perform the integral in Eq. (23) we shall restrict ourselves in this section to 
the field lines near the axis of symmetry where Eqs. (3’) apply. Now RF and di are given 


approximately by 
rants Ii(Rro) cos kz , 


a=) 1+(# \dewde, 
dr 


1 d’r/dz* 
eer ~—ekl(k kz. 
= G+ (ar|da’y ekli(Rro) cos kz 


and 


Substituting these equations and Eq. (6) into Eq. (23) we find 


a cos udu 2W __eli(kro) mT) cos’ udu Vives oA 
é=—c| ens + (sqm apeliters) thre)\ fos uae | / § a, (8) 


where 


S kel, (Rr 0) C 


2 To eBo 
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cos udu 
————— @{C., 


The integrals in Eq. (24), pares: 


\ dt 
0 (1—#?)(1—R’t?) 


by the transformation sin u/2=t. 
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reduce to the eliptic integrals 


Ln Bia =B(ein“, k), 


(I) In the case of —1<7<1 ‘when the particle is trapped in the mirror, the range of 


the integrations in (23) is taken from u=0 to u=cos“(—7). 
ai F(s it 
y ? 


Pv 1D) 
panes ae rE (> ate 


(II) In the case of |7|>1 when the particle passes through the jaws of the mirror, we | 


We-find the integrated results: 


j= uty 
cos udu — 1 
OS Uau nie AE p(s 
yar uty & 
and 
cos? udu est a je 
——— 1+27)F 
V cosut+y Sata 
obtain 
\ du FS, 
oVcosut+y —S 
= cos udu 
SS IV || E 
\ V cos u+7 ue (> 
and 
i cos? udu — 20+27*) p F(z, 
al cosw-ty ov 147 
itt €lo(kro)=0.2 


€lolkro)=0.4 S1hkd=03 


Fig. 4. Angular drift velocities 6 of the particle 
in the corrugated magnetic field are plotted for 
three lines of force. Each curve has its positive 
maximum value at a=1/y (v is the mirror ratio 
of the line of force), corresponding to the 
particle which is just reflected at the jaw of 
the mirror. The portion a>1/y is the region 
where the particle is trappee in one section of 
the mirror, while the portion a<1jy is the 
region where the particle passes through the 
jaw of the mirror. C is a constant defined in 
Eq. (24). 


We plott the values of 0/CW in Fig. 4. 
Each curve has its positive maximum values 
at a=1/y which corresponds to y=1l. The 
maximum has the following physical meaning, 


Vee ite AG 
V2 Fo re 


Vxt7): 


Vite): 
Vir): 


When the particle has the transverse energy 
which just satisfies y=1, it can reach just 
the jaw of the mirror, and spends long time 
in the region where the curvature is negative, 
giving the largest contribution to the positive 


6 value. 


§5. The Effect of the Curvature 


Thus far, we have considered the motion 
of the charged particle in the axial symmetric 
field. The orbit of a charged particle in the 
corrugated magnetic field including the effect 
of the curvature of the torus is studied in 
this section. In the first place, we consider 
the problem qualitatively in connection with 
the result of § 4. 

Let us consider the time averaged motion 
of the guiding center projected on a r—0 
plane taking the toroidal coordinate defined 
as follows. Considering a planar curve with 
a constant radius of curvature 1/«c, we let 
er, €9, and ez be unit vectors in the direction 
out from the curvature, around the curve 
with 0=0 measured from a line joining the 


| 
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curve to the center of the curvature, and 
along the curve, respectively. The time 
averaged motion of the guiding center on the 
r—@ plane is the synthesized motion of the @ 
revolution argued in §4 and the curvature 
drift in the direction of 0=z/2 or 3/2. The 
above argument it valid when the curvature 
of the torus is sufficiently small to neglect 
the coupling of the 6 drift with the curvature 
drift. The equation of motion of the particle 
is given by 


<r cos 7)=—or cos@ , 


<r sin #)=or cos 0+-v (or=0) : 


where v is the velocity of toroidal drift. 
Since w does not depend on , seriously, we 
assume w=constant for the qualitative con- 
sideration. Then, the equation is readily 
integrated to give 


G cos 6 + kaa sin? @=const. , 
@ 


which is the equation of the circle with its 
center on (—v/w, 0). Thus the curvature 
drift is well compensated by the angular 
drifts when v/w is small, or o is fairly large. 
Now, 


Ck 
=———(W,+2W)), 
v eB, 1 i) 


~  keli(kro) cW 
Cea = 
Yo eBo 

where g is the value plotted in Fig. 4, and 
ro is the value of 7 coordinate of the field 
line ot. kz=z/2 on which the particle lies. 
Hence we have 

UBo ) 

Ww) 


eb KY 0 1 (2- 
wo keli(kro) 

When the machine is not a simple torus but 

of a race track type with the linear section 

of the length L and the curved section of 

radius R, we find for the particle revolving 

around the race track, 


g (g=6/CW), 


(25) 


Vv TV 0 iL ( UBo 

o L+2R kelilkrog WwW 
since particle experiences no curvature drift 
in the linear section. Eq. (25) can be applied 
to a particle, which is trapped between the 
mirrors in the curved section, so far as v/w 
is fairly small as compared with d, as con- 
firmed by the numerical results given in 


) pitiecashs 


Confinement of Plasma Particles in a Corrugated Magnetic Field 


2523 


table 1, which is calculated for the device of 
interest. As seen from Fig. 4 the value of 


£=0/CW is sufficiently large for most of the 
trapped particles and the particles having g 
~( will soon take large value of g when 
they drift to the outer line. Therefore it is 
expected that the curvature drifts are well 
compensated by the angular drifts for the 
trapped particles. 


Table I. The value of v/w of the particle which 
has 6=0.8 and is trapped in one section of the 
mirror field. The scale of the device are k= 

lem-!, d=3cm, and «=0.005 cm-!. 


rom g | V/cm 
0 | 0.5 | 0.1 
1.5 0.9 0.024 
Late ill | 0.02 


In the next place we calculate the orbit of 
the guiding center of a particle revolving 
around the torus, making use of the adiabatic 
invariance of the longitudinal action integral 
over a complete cycle, 


J=m f oudl=const. ; (26) 
which is proved by Kadomtsev”. He showed 
that the guiding center drifts from one line 
of force to another in such a way that the 
J is conserved. It is difficult to calculate 
Eq. (26) in general, but for the particle 
revolving around the torus, the integration 
can be performed easily by expanding, 
vi(=V 2. W—pB)/m), in powers of elo(kr) and 
ihc 

Taking the toroidal coordinate as before, 
the Eq. (2) which expresses the magnetic flux 
density is modified by the curvature of the 
torus 

“=~ Bo(l—elo(kr) cos kz+-«r cos @) , 

Br —Boel(kr) sin kz . 
In the following, it is assumed elo(kr)>xr, so 
that the term proportional to «relo(kr) will be 
neglected in comparison with the term 
e'I)(kr)?. Some caution is necessary, how- 
ever, to calculate Eq. (26) near the neutral 
line where Eq. (3’) is not valid. Let 7 denote 
the length of the one period of the field line 
in the case of «=0, which passes through the 
point kz=zx/2 and r=ro, then the integrated 
result of Eq. (26) can be expressed as 


(27) 
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are (dra) 


6 2 
2(1 —8) To(Rro) ) 


-(1 —5 )ere COSIU =COllstas (28) 
where 6=yB./W. If we substitute for 7 the 
numerically calculated value, we confirm that 
Eq. (28) is a good approximation even near 
the neutral line as far as the adiabatic 
approximation holds. 

We show in Fig. 5 the time averaged mo- 
tions of the guiding centers of the charged 
particles revolving around the torus project- 
ed to a plane kz=z/2. The quantities of the 
device are taken the same as before and po 
=0.06 cm for positive ions. The outer dotted 
curve shows the neutral line and the inner 
dotted curve shows the boundary, inside 
which the adiabatic approximation is valid 
even for ions. The arrows on the solid 
curves show the direction of @ revolution of 
electrons, when the center of the curvature 
of the torus is in the right hand side and the 


Fig. 5. The particles orbits projected to a r—6 
plane at kzg=n/2. The outer dotted line shows 
the neutral line and the inner dotted line shows 
the boundary, inside which adiabatic approxi- 
mation is valid even for ions. Among the three 
curves of j=0 (transverse energy=0), the 
outermost curve (1) indicates the orbit which 
just reaches the neutral line when the electron 
drifts outward to a maximum extent. The 
electrons which are located inside this curve 
draw closed loops as illustrated inner two 
curves (2) and (3). The next outer curve (2) 
of §6=0 indicates the orbit which passes the 
adiabatic line for ions at@=0. The ions located 
inside of this curve draw closed loops also. 
Three curves of 6=0.7 are plotted also. They 
have the same meaning as above. 
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magnetic field is in the upward direction to 
the paper. The positive ions revolve the 
same orbit in the reverse direction, as far as _ 
they move in the inside of boundary line. 
Among the three curves of 6=0 (transverse © 
energy=0), the outermost curve (1) indicates 
the orbit which just reaches the neutral line 
when the electron drifts outwards to a 
maximum extent. The electrons which are 
located inside this curve draw closed loops 
in the inner region of this curve as two 
other curves (2) and (3) with 6=0. The next 
outer curve (2) of 6=0 indicates the orbit 
which passes through the adiabatic line for | 
ions at 9=0. The ions located inside of 
this curve draw closed loops also. We also | 
plott three curves of 6=0.7 (a fairly large | 
transverse energy) which have the same 
meaning as above. 


§6. Discussion 


Let us compare our results with those of 
Kadomtsev. In his treatment the device is 
a race track type, the linear sections of 
which have the corrugated field, while the 
curved sections have the simple toroidal 
field. The field of a linear section is con- 
nected with the field of curved sections and 
the magnetic field between the two portions 
is strengthened so as to form a very narrow 
jaw. Thus, the particles can move from a 
linear section to a curved section, only if 
they have a small value of 6 enough to pass 
the strengthened field. 

In our treatment, the field is assumed to 
be a simple toroidal corrugated field, i.e., the 
corrugated field wounded uniformly around 
the torus. The result of Kadomtsev concern- 
ing the particles orbits is obtained from Eq. 
(28) by putting 6=0 and multiplying 7 and 
«cr cos @ by the length of linear and curved 
sections, respectively. Furthermore Kadomtsev 
calculated the values of 7 using the equation 
r=rot+e/kli(kro) coskz for the line of force, 
which is invalid near the neutral line. On 
the other hand, we use the values of 7 which 
has been calculated numerically, and the 0 
drifts are found to be strengthened by a 
factor 3 near the neutral line as compared 
with the value of Kadomtsey. Therefore, 
the scale of the device is able to be reduced 
considerably, even if we take into account of 
the condition of (19) for the confinement of 
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the particle which is not considered by 
Kadomtsev. 

The problems concerning the stability of 
the plasma in such a field is not considered 
in this paper. It will be treated elsewhere. 
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Optical Properties of LiF in the Extreme Ultraviolet 
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The reflection spectrum of LiF single crystal was measured in the 
extreme ultraviolet region at room temperature. The Kramers-Kronig 
relation was applied to derive the optical constants » and « from the 
reflectivity. The maximum absorption coefficient and the peak position 
of the first fundamental band were determined to be 2.2+0.1x106 cm-! 
and 12.7+0.1 ev respectively. Variations of the real and imaginary 
parts of the complex dielectric constant in the given region were analysed 
by the quantum-mechanical analogue of the Lorentz dispersion formulas 
and the oscillator strength of the first fundamental band was determined 
The value supports the excitation model of 


to be 0.4+0.05/molecule. 


the exciton discussed by Dexter on NaCl. 


Experiments and discussions 


are also described on the effect of hydrolysis of LiF. 


§1. Introduction 

The ultravaiolet absorption’?) of alkali 
halides has been one of the main subjects of 
investigation on ionic crystals for many years. 
The absorption spectra of these materials in 
the fundamental region have been obtained 
from transmission measurements on evaporat- 
ed thin films because of their large absorp- 
tion coefficients. Difficulties, however, cannot 
be avoided in the accurate measurements of 
film-thickness required to the determination 
of absorption coefficients. Also, the trans- 
mission measurements accompany the un- 
known factors about the degree of lattice 
perfection of the films, the film stoichiometry, 
and the amount of surface contamination. 
For these reasons, it is highly desirable to 
determine the absorption of the bulk crystal 


from reflectivity measurements independent- 
ly®), 

In the case of LiF, the transmission meas- 
urements are more difficult than the other 
alkali halides for the lack of appropriate sub- 
strates. Hence, the investigation by the re- 
flectivity measurements is more important for 
LiF, though the reflectivity measurements are 
influenced sensitively by the surface contami- 
nation of the specimen. 

The purposes of the present paper are (1) 
to get the optical constants and the absorp- 
tion coefficient of the bulk crystal of LiF in 
the extreme ultraviolet from the reflectivity 
measurements, and (2) to present the oscil- 
lator strength of the first fundamental band 
which is a sensitive test of theoretical stud- 
ies‘? on the exciton problem. 
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Furthermore, the hydrolysis effect of LiF® 
on the absorption spectra is not only of physi- 
cal interest, but also of interest in the 
practical use of the crystal as the optical 
material. 


§2. Experimental 

The vacuum monochromator® and the re- 
flectometer used in this experiment are the 
same as in a previous work”. The reflection 
measurements were carried out with the in- 
cident angle of 15° at room temperature. 
First, a nearly 100 A segment of the hydro- 
gen spectrum of the light source was record- 
ed through the blank window for reference. 
Then, the sample holder was lowered and 
rotated through 15° about its vertical axis, 
and the photomultiplier coated with sodium 
salicilate was turned through 150° to the 
front of specimen to catch the reflected light. 
With these arrangements, the reflected light 
of the same segment was recorded. The in- 
tensity of stray light in each segment was 
measured through a suitable filter (LiF, quartz, 
or uJtraviolet transmitting glass) for refer- 
ence and reflected lights respectively. The 
light source and the detection system were 
stable to better than two percent during the 
measurement in any segment. 

The mechanical part of the reflectometer 
was improved in this experiment and the 
errors arising from its operation were dimin- 
ished remarkably. Relatively high reflecti- 
vities in the previous experiment were due 
to the defects of the reflectometer. Another 
cause of errors in the reflectivity was inac- 
curacy in the evaluation of the contribution 
from stray lights, particularly in the higher 
energy region above 13 ev. The intensity of 
light source became more weak above 13 ey 
and the background intensity amounted to 
almost the same order as the signal. There- 
fore, the error of about 5% in the reflectivity 
could not be avoided in the region. Below 
13 ev, the error remained within 1%. Band 
widths of lights passing through the exit slit 
of the monochromator were less than 2 A 
below 12 ev and about 5 A above 13 ev. 

Specimens of LiF crystal were cleaved from 
the same block as in the previous work which 
was the purest among those available. (Here- 
after, this block is called crystal P.) They 
were treated carefully to avoid the effect of 
surface contamination, because the hydrolysis 
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of LiF is accelerated above 40°C in air®. 
Thus, the measurements were made on fresh- 
ly cleaved specimens below 10°C in winter, 
in contrast to the previous experiment at 
about 30°C in summer. 

Transmission measurements were made to 
investigate the hydrolysis effect of LiF (1) on 
the specimens being kept at about 30°C in 
air and in water for long days, (2) on the 
crystal grown up in air, and (3) on the thin 
films evaporated on celluloid films. The 
original material of each film was a small 
fragment of the crystal grown up in air or | 
freshly cleaved one from crystal P. 


§3. Experimental Results 


Fig. 1 shows the reflection and absorption | 
spectra of LiF single crystal P measured at 
room temperature. Circular Points in the | 
figure represent the intensity ratios of the 
reflected light to the incident light: [{?/I®. 
They do not always agree with the reflectivi- 
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Fig. 1. Reflection and absorption spectra of LiF 


single crystal measured at room temperature. 


ties, R, particularly in the transparent region 
because of the contribution to the reflected 
light from the back surface of the specimen. 
The meaning of J‘”) is interpreted in the fol- 
lowing section. The thick line in the figure 
shows the reflectivity curve derived from 
[?/I® by the method described in the next 
section. The thin line with square points 
represents the absorption curve with the cor- 
rection of the reflection. The maximum re- 
flectivity was found at 12.8+0.1 ev. The 
observed [/J shows a depression at nearly 
11.8 ev and thence LiF becomes transparent. 
This is the evidence of the contribution to 
the reflected light from the back surface of 
the specimen. 

Results of measurements on the hydrolysis 
effects will be shown by Figs. 10-14 in sec- 
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tion 6 with some discussions. 


§4. Analysis of Experimental Results 


The observed ratio of the reflected light to 
the incident light agrees with the reflectivity 
in the highly absorbing region, but not in the 
transparent region. According to the theory 
of multiple reflection®, intensities of reflected 
and transmitted lights from a transparent 
plate are given by 


4R sin? 6/2 


(r) — . Te) 
(1—R)+4R sin? 6/2 7 a 
and 
CO) oe thee! . [ie) 
(1—R)?+4R sin? 6/2 i boy 


where J, J” and J are the intensities of 
incident, reflected and transmitted lights re- 
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spectively, and 6 is the phase difference be- 
tween the neighbouring rays, 6=42nd cos 9’/2, 
as shown in Fig. 2. When R<1l, Eq. (1) may 
be rewritten approximately as: 


sin? 6/2. 70-28 


I” == = 
(lk)? 


(1—cos 6)- I. 
(3) 


Thus, the reflected light, varies sinusoidally 
with 0 showing interference fringes. In the 
present case of d>A, the fringes appear too 
dense to be detected on account of the rapid 
change of 6 with 2. The variation of [”/J® 
versus 2 is Shown schematically by the thin 
line on the right-hand side in Fig. 2. There- 
fore, the observed intensities of reflected 
lights in the transparent region are the aver- 
age values given by 


4R 
heegy) 


1 
st Slit width 
: [1 00ittvearnrsapessssnnnsree 1 .. 
: | | thy TAN ae Pee / yi) 
=: i Toy 
a ) || i L rp 


Absorbing region 


Transnarent region 


Fig. 2. Schemtic illustration of the multiple reflection. 


(Dy 


Circular points in Fig. 1 and the full line in 
Fig. 2 show J'/I.  Reflectivities in the 
transparent region are easily derived from 
I /I® and they are shown by the dotted line 
in Fig. 2. The reflectivities below 11 ev in 
Fig. 1 were derived from the observed value 
of I'/I® using Eq. (4) and they were smooth- 
ly connected to those calculated from the 
known refractive indices of LiF in the near 
ultraviolet and visible regions. 


When a medium becomes absorbing, Eqs. 
(1) and (2) are modified as follows: 
[n= {(1--a’*)?+4a@’ sin? 6/2} R ye 
(l—@R)?+4@R sin? 6/2 : 
a(l—R)? 
ey — - J) 
(1—@R)+4@R sin? 6/2 4 cse 


(5) 


where a is the transmission of light for one 
traversal of the specimen. If the medium is 
highly absorbing, i.e. @=0, Eq. (5) is simpli- 
fied and gives R directly. This is realized 
for LiF above 12 ev, as shown in Fig. 1. 
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The variation of /”/I® is much complicated 
for the intermediate value of a;0<a< 1. It 
is shown schematically on the left-hand side 
in Fig. 2. In this case, the observed intensi- 
ties are also the average values. 

The Fresnel equations for the reflection of 
light from an absorbing medium involve both 
real and imaginary parts of complex index of 
refraction: N=n—ir. It is exceedingly trou- 
blesome to analyse the reflectivity at non- 
normal incidence, because the equations are 
very complicated and the light coming out of 
the monochromator is partially polarized. 


Incident angle 


Fig. 3. Variations of reflectivities versus incident 
angle for the medium with n=2 and «=1. 


However, in the case of nearly normal inci- 
dence, the reflectivity depends insensibly on 
the incident angle and the effect arising from 
the polarization of the incident light is small, 
as seen in Fig. 3 which shows an example 
of the variations of reflectivities (R,, R, and 
Rora.) versus incident angle for ~=2 and c=1. 
Hence, the reflectivity at the incident angle 
of 15° may be regarded safely as that at 
normal incidence within experimental errors 
and it can be analysed by the much simpler 
single Fresnel equation. 

The Fresnel equation for the complex am- 
plitude of reflection at normal incidence is 
given by 


Sg" 


aces ) 


where r=./ R. Then, m and « can be solved 
in terms of 7 and @ as follows: 
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a 1+7?—2r cos 0 ee 
—2r sin @ (9) 


1 472—2r cos 0” 
Reflectivity measurements determine 7’, 
hence 7. The phase of the complex reflecti- 
vity at any frequency can be determined by 
the inter-relation® between the real and im- 
aginary parts of the complex function. From 
Eq. (7), we have 
(10) 
and then @ at any frequency we can be ex- 
pressed by an intergal taken over the whole 
range of the frequency: 


A002) =" | 


In p=Inr+70, 


° In r(w)—In r(@e) Oe 


0 wo” —W,* 


(11) 


which may be rewritten as: 
cme 1 \" d\n r(a) es 


To dw 


This equation shows that the contributions 


O+@c 
W—We 


do. (12) 
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Fig. 4. The phase associated with the complex 
amplitude of the reflectivity computed by Eq. 
(12) for the first fundamental band of LiF at 
room temperature. 
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Fig. 5. Optical constants of LiF single crystal at 
room temperature calculated from the reflec- 
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from the regions remote from the point of 
interest are small and a constant percentage 
error in the reflection characteristic does not 
affect the phase determination. 

The phase calculations were carried out 
with the aid of the table!) based upon Eq. 
(12). Reflectivities of LiF above 15 ev and 
below 2 ev were taken as constants. Because 
the experimentally determined R above 13 ev 
contained fairly large error, the reflectivity 
‘curve above 13 ev in Fig. 1 was drawn within 
experimental errors so as to satisfy the re- 
quirement that « is zero in the transparent 
region. Below 5 ev, the reflectivities calcu- 
lated from known refractive indices were 
‘used in the phase computation, to which the 
experimental values were smoothly extrapo- 
lated. The obtained phase is plotted against 
the photon energy in Fig. 4. Optical con- 
stants calculated from the reflectivity and 
phase are shown in Fig. 5. The variation of 
‘the absorption coefficient, K=4z«/2, with the 
Photon energy is also given in Fig. 6. 


x108cr! fo) 
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Fig. 6. Absorption coefficient of the first funda- 
mental band of LiF single crystal at room tem- 
perature versus photon energy as computed from 
the reflectivity. 


'§5. Discussion of the Results 


The peak position and the maximum absorp- 
tion coefficient of the first fundamental band 
‘were determined to be 12.7+0.1 ev and 2.2 
+0.1x10®cm-! at room temperature respec- 
‘tively. The shape and the position of the 
band are similar to those!) of the thin film 
evaporated on the organic substrate. 

In order to get the further knowledges on 
‘the absorption, the real and imaginary parts 
-of the complex dielectric constant, «=¢1—7e, 
-were derived from and « by the relations: 
(13) 


=" —k", 
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(14) 
and they were plotted against the photon 
energy in Fig. 7. The complex dielectric 
constant is related to the complex polariza- 
bility a of the medium by the relation: 


62 =2nk, 


e=1+4na. 


(15) 
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Fig. 7. Real and imaginary parts of complex 
dielectric constant of LiF at room temperature 


versus photon energy as computed from the 
reflectivity. 
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Fig. 8. Variation of ¢20 of LiF single crystal 
with w in electron-volt unit. 


Hence, the variations of «1 and «2 with the 
frequency of the radiation may be expressed 
by the quantum-mechanical analogue of the 
Lorentz dispersion formulas: 


4x Ne? Filo’ ?— ow) 
a=—14 16 
In Vols treee? OO 
Pes 47x Ne? Firjo (17) 


m 4 (wi ?—w)? +720? ’ 
where o’;, f; and 7; are the resonance fre- 
quency, the corresponding oscillator strength 
and the damping constant respectively. It is 
clear from Eg. (17) that «2. shows its maxi- 
mum at w=; with the half-width of 7;. 
The variation of «ew with @ is plotted in Fig. 
8 in electron volt unit. The position and the 
half-width of the curve are 12.6+0.1 ev and 
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0.42-++0.02 ev respectively. By neglecting the 
contributions from the tails of higher energy 
bands, the oscillator strength, defined by Eq. 
(17), of the first fundamental band was de- 
termined by the relation: 


4AnNe?® BRING ey 


The obtained i -value is 0.069 -+0.005/electron, 
where WN is taken as the total number of the 
valence electrons per unit volume which con- 
tribute to the absorption of the first funda- 
mental band. Since there are six valence 
electrons per molecule for alkali halides, one 
may obtain. 
Ff =0.42 +0.03/molecule. 

In the above treatment of the problem, the 
fundamental absorption at 12.7 ev was re- 
garded as a single band though it showed a 
remarkable asymmetry, and the dispersion 
formulas were used without the local field 
correction. If the correction is to be made by 
using the Lorentz local field, the macroscopic 
polarizability @ is not able to be related to the 
polarizability a» of a single oscillator by Nao 
but it must be related by the equation: 


(18) 


-(€2) max « 


(19) 


Since @ may be expressed, in the region of 
the absorption considered here, by 


eas 


em of—otie? OO) 
a becomes 
2 
ay x Ar we (21) 
we Cae wo +iyw 


Hence, the effective resonance frequency in 
the composite system occurs at? 


(= (0. ase ia fe 


The resonance frequency w;’(j7=0) in Eqs. (16) 
and (17) is, therefore, related to w. by Eq. 
(22). The direct determination of w) can be 
made from the experimental values by the 
relation: 


e—l 4x 4a Ne? he 

= — Nay ’ 
et+2 3 3 Mm w2—w'+17o ae 
which is derived from Eqs. (15) and (19). 
The real and imaginary parts of the left-hand 
side of Eq. (23) were obtained from the ex- 


perimental values of «: and «2, and they are 


(22) 
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Fig. 9. Real and imaginary parts of («—1)/(e+2) 
of LiF single crystal at room temperature 
versus photon energy. 


plotted in Fig. 9. The obtained ha, is 13.0+ 
0.1 ev and it is consistent with 13.05 ev de- 
termined by Eq. (22) using ha’ =12.6 ev and 
fo=0.069/electron. Another determination of 
fo is possible from the variations of a, by the 
relation 


Sm Po? [tm re) ee 


From this equation we abtained /,=0.046/' 
electron, which shows a fairly large deviation. 
from the value determined by Eq. (18). The 
deviation is considered to be mainly due to: 
large experimental errors in «, and e: above 
13 ev and the contributions to «1 and e. near 
13 ev from the tails of higher energy bands, 
because Im(e—1/e+2) was more sensitive to: 
é, and « than wo, was. Therefore the con- 
sistent value of f. is to be obtained if the 
calculations are made from the simpler sym- 
metric curves of «: and e:. This was done: 
effectively by using the corrected values of 
é1 and e: shown by the dotted curves in Fig.. 
7. The results are hoo=13.03 ev and fi= 
0.061/electron. 

Thus, one may conclude that the oscillator 
strength of the first fundamental band of 
LiF is 0.4+0.05/molecule. This f- value is in. 
good agreement with the theoretical one on. 
NaCl calculated by Dexter'®) on the basis of 
the excitation model of the exciton. 

There is a qualitative resemblance between. 
the reflectivity and absorption spectra. Re- 
flectivity spectra give us approximate know- 
ledges concerning the positions and structures. 
of the absorptions. Strictly speaking, maxima 
of R, «, K, 2ne etc. occur at different fre- 
quencies and their half-widths differ from: 
each other. Table 1 shows their peak posi- 


(24). 
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Table i 
Peak position 
Reflectivity R ; 12.8+0.1 ev 
Extinction coefficient Kk Waal 
Absorption coefficient K=4rr]a V2 eilect Ole! 
Imaginary dielec. const. €g=2nk 12.6+0.1 
Energy absorption NK Cow 12.640.1 
Imaginary part of the polarizability ao Im(e—1/e+2) 13.0+0.1 


tions on the first fundamental absorption of 
LiF. 


$6. Effects of Hydrolysis 


It has been found that hydrolysis of LiF is 
accelerated above 40°C in air and the crystal 
grown up in air shows an absorption near 
2.84 due to the vibration of O-H bond®. Fig. 
10 shows the infrared transmission spectra of 
LiF crystal grown up in air and crystal P in 
the preceding section. 

The hydrolysis effect was also found on the 
absorption spectrum in the extreme ultravio- 
let. It gave a broad absorption at the tail of 
fundamental band. Fig. 11 shows the absorp- 
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Wig. 10. Transmission spectra of LiF single 
crystals in the infrared region measured at 
room temperature. 
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‘Fig. 11. Absorption spectra of LiF single crystals 


in the extreme ultraviolet measured at room 
temperature. 
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Fig. 12. Growth of the absorption with the pro- 
gress of surface hydrolysis of LiF crystals. 


Os 90 100 iiKe) 120 mye 


(1) 


(2) crystal grownup in air 


re 
(1) ae 


crystal P. 


04 


02 


Optical density 


14 13 2 i 
Photon energy 


Fig. 13. Absorption spectra of LiF thin films at 


eV 


room temperature evaporated on celluloid films. 


90 190 20 140_ 180 My 
ey 
= v 

30 10) le 
K = 
E 
~~ 
g = 
20} 40 5 
o 
= 
2 § 
? a 
(od 20 & 
10 5 
re per rnee (| 8 

Pees” 
| 
" ‘ = “ See fo} 
OmmaS 14 13 i2 W [) 9 8 7 &W 


Photon eneray 


Fig. 14. Reflection and absorption spectra of LiF 
single crystal grown up in air, measured at room 
temperature. 
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tion spectra of LiF crystals in the extreme 
ultraviolet. The absorption near the tail of 
fundamental band is more sensitive to hy- 
drolysis than 2.8 absorption. Fig. 12 shows 
the growth of the absorptions with the pro- 
gress of surface hydrolysis of the crystals 
which were kept in air and in water at about 
30°C. The degrees of surface hydrolysis in 
air and in water do not differ greatly and 
they are likely to reach the saturating state. 
It may be said from Figs. 10, 11 and 12 that 
the surface hydrolysis is limited within a very 
thin layer of the surface, but the hydrolysis 
effect is prevalent thoughout the crystal when 
it is grown up in air. The above difference 
was also observed in the absorption spectra 
of thin films evaporated on the organic sub- 
strates. The original material of each film 
was a small fragment of the single crystal 
grown up in air or freshly cleaved one from 
crystal P. The absorption spectra of both 
films are shown in Fig. 13. 

The reflection measurement was also made 
on the crystal grown in air. The results is 
shown in Fig. 14. No essential differences 
were detected between the reflection spectra 
in Fig. 1 and Fig. 14 except rather low re- 
flectivity at the peak in the latter. 

The decrease in observed J*)/7® near 9 ev is 
due to the absorption arising from the hy- 
drolysis effect. 


§ 7. 


The optical constants of LiF single crystal 
have been derived from the reflectivity meas- 
urements. The maximum absorption coef- 
ficient and its position of the first funda- 
mental absorption were determined: K,,,,= 
2.2+0.1X10® cm™ and ho,,.,=12.7+0.1 ev at 
room temperature. The real and imaginary 
parts of the complex dielectric constant were 
obtained from the optical constants and their 
variations with w were analysed by the quan- 
tum-mechanical analogue of the Lorentz dis- 
persion formulas. Thus, the resonance fre- 
quency, the damping constant and the oscil- 
lator strength of the first fundamental band 
were determined: hw,’ =12.6+0.1 ev, Ay=0.42 
+0.02 ev and f=0.4+0.05/molecule. The 
value of the oscillator strength is in good 
agreement with the theoretical one on NaCl 
calculated by Dexter on the basis of the ex- 
citation model of the exciton. The hydroly- 


Summary 
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sis effect of LiF was found to give a broad 
absorption at the tail of fundamental band as. 
well as the absorption near 2.8y. 
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Quadrupole Coupling in the Hyperfine Structure 


According to the theory of Sternheimer, it can be written Q=(1+4)Q’, 
in which @ is the true quadrupole moment and Q’ is the apparent 
quadrupole moment obtained by spectroscopic means neglecting the 
shielding effect; 4 is the so-called shielding correction or core correction. 
The author obtained in a previous work 4=—0.6 for 5d?6s‘F'3/2 of La I. 
In the present work 4=—0.6 and —0.7 were obtained for 5d26s4F'4/. and 


They agree with the value for 4F'3/. within 
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870. 
11) R. Onaka et al.: J. Phys. Soc. Japan 16 
(1961) 340. 
of the Spectrum of La I 
By Kiyoshi MURAKAWA 
Aeronautical Research Institute, University of Tokyo, 
Komaba-machi, Meguro-ku, Tokyo 
(Received August 15, 1961) 
4F'z2. respectively of La I. 
experimental error. 
§1. Introduction 


The calculation of Sternheimer?’ shows that 
the presence of nuclear quadrupole moment 
gives rise to core excitation and this introduces 
a change of the quadrupole coupling. Thus 
we have 


Q=(14+-4)Q’ , 


in which Q is the true quadrupole moment 
and Q’ is the apparent quadrupole moment 
obtained by spectroscopic means neglecting 
the above-mentioned effect. There are two 
types of modes of excitation of the core, 
namely angular mode (/’+/) and radial mode 
(’/=l). Corresponding to these two, we have 
two components of 4, namely angular part 
Aang and radial part 4raa. In the case of 
heavy element, the former gives rise, in 
general, to shielding effect and the latter to 
antishielding effect. In the net 4(=4angt+4raa), 
the antishielding effect predominates for heavy 
elements, but we have called 4 the shielding 
correction. 

According to Sternheimer, calculation of 4 
cannot claim high accuracy at present, be- 


cause 4 is very sensitive to wave functions 
that are chosen for the calculation. In 
previous work?), therefore, we proposed to 
adopt semi-empirical values of 4 for spectra 
of heavy element. 

The radial part depends on how deeply the 
electron penetrates the core. In the case of 
penetrating electron, the antishielding effect 
is small; if the electron is external to the 
core, the antishielding effect is large. If 6s 
electron is not present, we assume that 4 
does not depend sensibly on the number of 
equivalent non-s electrons in the case of heavy 
elements. Under this assumption we deduced 
A(6p")=—0.1, 4(5d”)=—0.3 and 4(4f")=—0.6. 

We may assume that addition of 6s to 5d” 
modifies the radial part of the wave function 
of 5d”, since the 6s electron is penetrating and 
shields the potential. However 4(5d6s) was found 
to be still equal to 4(5d)= —0.3. If a 5d-electron 
is added to 6s5d, it was found that 4=—0.6. 
This was deduced by observation of the quadru- 
pole coupling of the level 5d?6s 4F's/2 in the spect- 
rum of Lal. This large change of 4 in going 
from 6s5d to 6s5d? is somewhat surprising, 
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and it would be desirable to examine the 
other members, namely 685d? 4F5/2,7/2,5/2. The 
present work is devoted to such an investi- 
gation, although it was impossible to measure 
4F57;2 accurately. 

The experimental set-up was the same as 
in the previous work*®; a liquid-air cooled 
hollow cathode discharge tube was used as 


lal 

A, 6250 je 4409 
(d°s Fe ~d?p*G4/2)\cale: .1109 
A.S234 fen obs.: 1470 
(4?s “Foj2—d°f *Gy7z) |eale: 1470 
25242 : 4367 
(ds “Fajp'- d° CPp*b pleat 4367 


Fig. 1. 


45234 is discussed later. 

In order to make easy comparison with 
previous work, the quadrupole coupling con- 
stant B’ defined by 


ge Wot <K+B’K(K+1) 


K=F(F+1)—1d4+1)-JJU+)) 
is used, instead of the constant B defined by 


AK ! 2 | 
((2I—1)J(2J—1) : 

In the present work it was not possible to 
find lines whose hfs allowed us to determine 
the hfs of the final level directly. In all the 
lines that were studied, the constants B’ of 
the upper levels were calculated, and then 
the constant B’ of the lower level was deter- 
mined in combination with the observed hfs. 

The level 5d*6s‘Fo2 will be treated first; 
see Fig. 1. The initial level 5d?6pf'Git;2 of 
the line 26250 is the most suited for calcu- 
lation. The superposition of 5d°4f 4Giiy2 was 
assumed to be negligible. Then the constant 
B’ of this level can be calculated by use of 
the formula given in Table I. 

The quadrupole moment Q of La!®® was 
determined in previous work” to be 0.2: barn, 
in which the shielding correction was taken 
into account. Putting 4(5d)=—0.3, Za*=39.7, 
€(5d)=425 and 4(6p)= —0.1, Z,*=52, C(6p)=950 
and J=7/2 in the usual formula that connects 
Q and B’, we get the value of B’(d?p ‘Gi1/2) 


y=vo 
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the light source, and a Fabry-Pérot etalon was 
used in order to resolve the hyperfine structure 
(hfs). 


§2. Result of the Experiment 

The result of the measurement is shown 
in Figs. 1 and 2. The level notation is that 
of Russell and Meggers®; the upper level of 


.0972 .0833 .0696 .0558.0419.028 

.0972 .0834 .0696 .0557.0418.027S 
4280 1094 .0910 .0726.05440363 
4282 1095 .0910 .0727.0544.0362 
4196 4024 .0853 .0684 0513 .0339 
4195 =. 1024 .0853 .0682.0511 0341 


wave number —> em! 


Hfs. of 26250, 25234 and 45212. 


that is given in Table II. 

The hfs of the upper level of 46250 is 
negligibly small, so we get from the hfs of 
2 6250 


B’'(d’s 4 Fy 72) — 7° Bp 4Git2) 


=—(),00013210-* emp 
B’(d’s *F'9;2)=0.0013-10-3 cm . 


The upper level of 25234 is denoted as 1), 
in ref. 4. Consideration of the energy shows 
that the main wave function of this level is 
S@4f *Gij2. The level y*D?,. (see Table III) is 
only 80cm apart. On the other hand, the 
configuration 5d?6p is, strictly speaking, not 
of pure LS coupling, so it should contain 
CE) p4*Dis,. d2AP)p* Die,  d*p Gres, Cte. 
od?4f *Gi2 is, therefore, somewhat perturbed 
by y‘D?,,, and this explains the somewhat 
anomalous g-value of 1?,, shown in Table III 
according to ref. 5. 

The composition of 12, is, at present, hard 
to determine, so it was tentatively assumed 
to consist of pure 5d°4f ?Gi2. For the 4f-part, 
we assume 4d;=—0.6, Zy*=24, C(4f/)=443. 
Then we get the value of B’(d?f *Gz;z) listed 
in Table II. The hfs of this level is negligibly 
small. We get, therefore, from the hfs of 
A 5234 


BY(d’s Fy) — LB f Cin) 
==0:00I- LOxtemate: 
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Table I.* The matrix element of <(8 cos? @—1)/73> of some LS-coupling 
wave functions of La I. w=3cos?9—1, M,;=J. 
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(A) The configuration d2s 


(*Fo/2|w/73|4F'/2) = —— (42. Ro! +7Re!! —24S2)<ra-> , 


8 


(2Go/2|o/73|2Gg/2) = —= = (12 Re! +7 Re!’ +682) ra-5> , 


“18 


(4F'9/2| w/73|2Go/2) = — === (2 Re! +7Re!!—982)<ra- , 


“i 


(4F o/2| 0/73/4472) = —aoe (51 Re’ —14Re!’ —12S2)<ra- , 


a 


2Fy/2| 0/73 |2F'7/2) = — === (32 Re! +7R2!!—1482)<ra-3> , 


i 


2G7/2| 0/73 |2G7/2) = — 22 1 9R,! +7R2!'!+6S2)<ra-3> , 


= 
?G7/2|w/7?|4F'7/2) =F (ARs! — Ral! —382\<ra-® ; 


CF 72 w/r3 4F7/2) = (802.R2’ +189R2’’ —304S2)<1rg-3> 5 


1 
1a 3 


CF 7/2|0/73|?Gz2) = 
(B) The configuration d?p 


(4G 11/2|@/73|4Ga1j2) = — 


175 7 3 (Fa! —14 Ra!’ +1382)<ra- . 


yg (U2Rs! +7 Ra!" 248: \.re- —ZRery-® , 


(CF) p*Dz/2| o/73|(8F)p*Dr/2) = -(1919 Re’ +49.R2'’ —1068S2)<ra-%> 


“1875 
aL 20S) pets 


“a 
(8P)p*D7/2|0/r?| (2 P)p*Dz/2) = 5 soe (ARs! +9Re!’+1282)<ra-%> 2 Rr 
(8F")p*Ds/2|0/13|(3F")p*Ds/2) = oe 11689 R2! +3766 Re!’ +4548S,)<rq-3> 
7 4 a 
+n e(Q77R —4128)<rp-> . 


(C) The configuration df 


2 2 
CG rpa|o/r8|?Gr2) = —Goe <a> geass - 


105 


* PR’, S and R,’, R2’’, Sz are relativity correction factors for <1rp—*> and <ra—*> respectively given 
by Casimir®). In the case of La, they are R’=1.125, S=1.21, ain ep = 035 Re! 12095, Ss—1.03" 


Table II. Quadrupole coupling constants 
of some levels of La I. 


Table III. Some odd levels of La I. 


| Bl B level wave number* g (obs)** g (LS) 
level 4 as | My & : b: ti ‘i | 
pe eae sae ytD?,~| 23308.31 | 1.183 1.429 
5d6s? 2Dsyz | 0.0032291* 1.8083* Li, | 2821.16 1.078 0.889 
5d6s? 2Ds/2 0.0088913* 1.4937* ehDD/« Vila 25083:42 yale 1879 1.429 
5d?6s*F'9/2 0.0012 2.42 2, | 23466 .85 | L.1 rai 
5d26s*F'7/2 0.0017 2.00 Z i a ee 
5d26s4F’s/2 0.0062 1.04 * According to ref. 4. 
5d26pGit/2 0.00121*%* | 3.73 ** According to ref. 5. 
5d°(°F')6p*Dz/2 0.00137** i B’(d?s *F9/2)=0.0013-10-8 cm=! . 
eK 773% i i 
ae oe ete “vy ; te an If the correction due to the superposition of 
524 f2Gr/2 0.000388 . @C3F)p*Diy2 and @(2P)p4Diy2 is introduced, 
* According to the measurement by Ting’). this becomes somewhat larger, namely about 


** Calculated. 0.0014: 10-3 cm-!. 
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Next we come to the upper level of 45212. 
The main wave function of this level is 
5@(@F)6p4Dzy2. The energy of the configu- 
ration d?p is given in the article of Racah®. 
It was found that the energy of the configu- 
ration 5d°6p of La I can be represented 
roughly by (using the notation: of Racah) the 
parameter values A=24702, B=346, F.:=259, 
Gi=330, G:=20. The fit is not so satisfactory 
as we desire, probably due to the neglect of 
the overlap of the configuration 5d°4f. The 
composition thus obtained 

VAD = Kip * DIG eR) p* Dee 
K?x0.9 , K?<0.1 
is probably not so accurate. Under these 
circumstances y*D},, was assumed to be pure, 
namely @F)p‘4Di;2. By use of the formula 
given in Table I and the similar procedure 
for getting B’(d*p‘*Guy2), we get the value of 
By *D?,, listed in Table II. 

The hfs of y*D?,. is negligibly small. 

we get from the hfs of 25212 


Thus 


Bids ‘Frys — LBP) ‘Dap) 
== (NOOO Sil Ome tC tries 
B’(d’s *F'9/2)=0.00098-10-? cm=! . 

From the hfs of 26250, 25234 and 25212 
we have obtained the value of B’(d?s Fy/2): 
0.0013, 0.0013 and 0.00098 respectively in unit 
of 10-?cm-!. The weighted mean value is 
0.0012-10-* cm“. 

According to Crawford’, the wave function 
of the level d*s‘*Fo/2 is not pure, and he gives 


* Projo’ = Ki *Foj2+ Ko *Go/e ’ 
Ki =0.9976 , Kz =0.0693 , 
Kv?=0.9952 , K2?=0.0048 . 


By use of the formula 

(AF 92’ |w/r? |4 Fo 2’) = K12(4Fo/2|@/73|4 F972) 
+ K2?(?Go/2|@/7?|?Go/2) 
+2K 1 Ko(tFo/2|w/7?|?Go/2) 


and the formula given in Table II, we get 
from B’(d?s‘4Fo72) the value of Q’: 


La I 5177 (d?s *F,.—d?(*F p D5) 


obs.: .0994 
cale:  .0994 


0848 
0849 


0706 .0563 
0705 0563 
wave number —> 


Bigs 25” Hiss of A577 


0421.029 — 
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.0421 .0280.0140 ent! 


Q’=0.6 barn . 


Since the true value of Q is 0.2: barn, we 
get 4=—0.6;. 

Lastly. we. .treat. “5177s¢see Fig. 2: 
upper level 5d?(?F')6p*Ds/2 can be treated in 
the same manner as in the case of *D7;2. 


By use of the formula given in Table I, we 


get the value of B’(d@F)p4Ds;2) listed in 
Table II. 

From the hfs of 45177, the hfs of the upper 
level being negligibly small, we get 


BYdis ‘Fipp) 5 B@CE)b ‘Dsj2) 


SNOW AV eam - 

BY d'?s*F7/2)=0.0017-10- cm . 
The composition of d?’s‘*Fy/2 
Crawford” is 

4B! = Ki *F y+ Ke ?Gippt+ Ks? Pip , 
Ki =0.9966, Ke ==0.0313°3 Ks =—0.07625, 
Ki?=0.9932 , K2?=0.00098 , Ks?=0.0058 . 
We thus get from B/(d?s *F7/2) 

Q’/=0.7 barn (from d?s4F7/2) . 

This means that 4=—0.7. 

In summary we have obtained 4= —0.6 and 
—0.7 from 5d°6s‘Fo;2 and *F7z/2 respectively. 
This is in good agreement within experimental 
error with 4=—0.6 obtained from 5d?6s *F%3;2. 

Lastly we summarize in Table II the values 
of B’ (and B) of all the levels of La I that 
have been measured up to the present. It 
also includes those of the ground ds??D term 
measured by Ting®. As remarked at the end 
of an article of the present author (second 
of ref. 2), the treatment given by Ting 
requires a small modification. If this modifi- 
cation is included in the calculation given by 
Ting, we get Q(La!**)=0.21 barn from both 
ds*?*Dsj2 and *Dsy. This is just the same 
value as the one that the present author 
deduced, applying the Sternheimer correction. 
This shows that although we have to be 
satisfied with one-digit discussion of the 
shielding correction at present, the 
main idea is correct. The fact that 
the same value of 4 have been 
obtained for J=9/2, 7/2 and 3/2 of 
d*s‘*F of La © makes us convinced 
of the reality of 4 and makes it worth- 
while to study it further. Without 
the shielding correction, the quadrupole 
moment obtained from spectroscopic 
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The | 


given by | 
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data would be physically of poor value. 

The exchange of several letters with Dr. 
Sternheimer was very helpful in clarifying 
practical problems of the quadrupole shielding 
correction. His thoughtfulness in this matter 
is greatly appreciated. 
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Eigenvibration for the Membrane between 


Two Eccentric Circles 


By Yukichi NomurA and Kasaburd HARuUMI 


Department of Applied Science, Tohokw University 
(Received July 10, 1961) 


The solutions of the wave equation for a membrane bounded by fixed 
two eccentric circles are obtained. By the aid of the addition theorem 
of the Bessel functions, the boundary condition on two circles is reduced 
to a set of homogeneous simultaneous linear equations, from which 
eigenvalues and eigenfunctions are obtained in power series of qd (the 


distance between two centers). 
the order of dé or d?. 


§1. Introduction 

The solutions of the wave equation for a 
membrane bounded by two concentric circles 
are obtained easily, and the numerical values 
of the eigenvalues for the fixed boundary 
condition, that is «=0 on two circles have 
been given by several authors."’. 

When the two circles are eccentric, two 
approximation methods were considered, one 
of which is the boundary perturbation method, 
and the other is the method which uses the 
addition theorem of the Bessel functions in 
the problem of atomic piles?’. 

The boundary perturbation method® has 


Some numerical results are obtained to 


been considered by many authors, and has 
an advantage which enables us to treat dif- 
ferent kinds of problems in a similar way, 
but it has some mathematical difficulties. 
such as in integration, and especially in the 
degenerate cases. 

The other method which is used in the 
theory of atomic piles assumes that the 
solution contains only No(kr) in the Bessel 
functions of the second kind; this implies 
the symmetrical angular dependency in the 
neighborhood of the inner circle. In this 
paper, the solutions of the eccentric circles 
are obtained for the boundary condition w=0, 
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without any assumptions such as to be made 
in the theory of the atomic piles. The 
solution is assumed to have the ° Bessel 
functions Jn(kr) and Nn(kr’), where 7 or 7’ is 
the distance from the center of the outer or 
inner circle to any point. 


Y. NomuRA and K. HARUMI 
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on two circles in Fig. 1. 

Considering the fact that the Bessel func- — 
tions Jn(kr) have finite values and the Bessel 
functions of the second kind Nn(kr) have a 
singularity at the origin, we may expand 
the solution by the Bessel functions Jn(kr) 


Using the addition theorem, the Bessel 
functions of the argument kr are transformed 
into those of argument kr’, and vice versa; 
then the boundary condition is reduced to 
solving homogeneous linear equations with 
infinite unknowns. In solving these equations, 
the eigenfunctions and the eigenvalues are 
expanded in powers of eccentric distance d. 
The eigenvalues are obtained numerically to 
the order of d® or d‘, and the eigenfunctions 
are also obtained to the order of d? or d?, 
each corresponding to their eigenvalues. 


and N,(kr) with the integral order ” as 


§2. Boundary Condition and Solution 


Because any kind of boundary condition 
may be treated in the same way, we shall 
treat here the Dirichlet boundary condition 
which is the vanishing of the wave function 


Fig. 1. Eccentric two circles. 


= Dy Un(kr){ An cos nb+An sin nf}-+Nnlkr’){ Bn Cos no+Bnsin ng} , ee: 


where 7 is the distance from the center of the outer circle, and 7’ is the distance from the 
center of the inner circle to any point. An, An, Bn, Bn, and k are the functions of distance 
d between two centers, and when d=0, the solution (1) must coinside with that of concentric 


circles. As is well-known, the eigenfunctions between two concentric circles are expressed 
as follows 
use} 
(s) =| Jalen r) TF Cmi Nm(Rmi ie MP ? (2) 
Uu M sin 


where / and m=0, 1, 2,---, and Ro or R: is the radius of the inner circle or the outer circle, 
and Rm is the J-th root of the equation 
Dy = | Jm( Ri Bo) Nm(RmiRo) =(( 
Tm RmiR1) Nm(RmiR1) 


and (3) 
—Jm(RmrRo)  —JmRmiRs) 
Nmm(RmiRo) Nm(RmiR:) * 

In obtaining the solution u in Eq. (1), the terms of An and By with the even angular 
dependency and the terms of An and Bn with the odd angular dependency separate each 
other, and these two cases may be treated in a similar way. We treat here the solutions 
with the even angular dependency of cos mg and cos nd, and exclude the terms with An and 
rink: 

Using the addition theorem of the Bessel function”, it follows from Eq. (1) that 


Cm = 


“u= 


iM 


5, | 4= Julkr) cS MP+Bn Sy {Sp Nery Frnn kd) (1) Jamil ed)) cos mb} 


LS | 45, {oe Fa kr") Jman(kd)-+(—1)"Jn-m(Rd)) Cos mol + Bane cos ng], 


n=0 


(4) 


1961) Higenvibration for the Membrane between Two Eccentric Circles 2539 


_ where 
(2)m=1 for m=0, 
2 for 210) - 


The Dirichlet boundary condition is 
uU=0% On 7=Rt. PSR: (5) 
It follows from Eqs. (4) and (5) that 


(2)m 
Z 


AnJu(kRs) + 3 | & Nw(RRs)( Jnsm(kd) + (— 1)"Jn-n(d)) |=0 


(6) 
= 2)m 
[4S In(PRs)(Jnsm (kd) +(— 1) Jn-med)) | + BuNn( RRs) =0 
where m=0,1,2,---. 

These equations are a set of homogeneous simultaneous linear equations which have the 
unknown constants Am and Bm. In order that they may be solved, the determinant of the 
coefficient must be zero. That is 


A(k, da) 
Ca a es ene ces 
Bite compicriys “cl ie) xs 0 ee yar) 
ae EN Gena) y my 
See. 9 Gamay. SR Gia fay pee a 
Ucn a ei : dana) FAR Gay 
eee : Giafid) NAR) 
Le Re ete ae ren RE Re nee - 


where R:, Ro, and d means kR:, kRo, and kd. 

The equation (7) is the condition which determine # as the function of the displacement. 
d for fixed values of R: and Ro. When the value k is determined, then we can determine 
the unknown Am and Bm corresponding to the value k. 


§3. Successive Determination of Eigenvalue 

The eigenvalue k? may be determined from Eq. (7) for any values of d. But we illustrate: 
here the successive approximation method to determine k for small values of d, starting 
from the J-th root km: of the concentric circles. In the case of d=0, the determinant 
Atk, d) becomes 


AR, 0)=Do(Rk)- Di (Rk) + D2! (R) +++ , (8) 


where Dm (k) is the minor determinant with the diagonal elements of 4(k, d) for d=0 and 
is given in Eq. (3), and the superscript (0) means the zeroth order of d. 
The root fm: in Eq. (3) satisfies Dm'(k)=0, and in consequence satisfies d(k, 0)=0. 


(A) The case of ko=ho1 . 
When d+0, & is the function of d, and as is shown in Appendix, k is the even function 
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of d, k may be expanded as 
h=hothad?+hid*-+hed®+ +++, | (9) | 


and we illustrate here that the coefficients ke, ki, etc. are obtained successively as the 
function of ko, and we take ko, the J-th root of Do'(k), as Ro. 

In order to obtain he, ks, etc., we introduce here a new minor determinant 42m,2m which 
is the minor determinant with the first 27 rows and 2m columns in ee d), and as m—>00 Som, 2m 
becomes A(k, d). 

In the determinant 4om.2n, each element contains the Bessel (iaehats Tm(k Ro), Nm(RR:1), 
Tm(RR:), Nm(RR:) and Jm(kd), and as k is the function of d and moreover Jm(kd) contains d 
explicitly, we may expand the Bessel functions in powers of d. 

Using these expansions, we expand each element of J4am,2 in powers of d, and in con- 
sequence the expansion of 4om,2m in powers of d is obtained as 


Aem, Py pee 2m + Ay, oma? + Lim, DO ike es Sa 3 (10) 
~where 


0) m= Do (Ro) D1 (Ro) ++ DO s(Ro) , 


thence ko: satisfies 43?) .,—0 for any values of m. 

(a) Determination of kz 

As Ai? (Ro, kz) in Eq. (10) is the coefficient of order d?, 4i?(ko, kz) contains only ko and k:, 
-we may determine k2 from the equation 4{?(ko, k2)=0 as 


ko®D 


k2= ie 


(11) 
-~where 


D= Jo(R1)Ni(R:) Jo Ro)Ni(Ro)+ Ji Ro) No( Ro) No( Rx) Ja Rs) 
—{Ji(R1)Ni(Ro)+ Ji Ro) NiCR1)} Jo( Ro) No( R:) , 


D={ Ji Ri) Ni( Ro) — Ni Ri) Ji(Ro)} 
[eit Jo(Bo).Ni(Ri) — No( Ro) Ji Ri)} + Ro{ No R:) Ji Ro) — Jol Ri) Ni(Fo)}] 


cand Ro=koRo, and Ri=AoR: in the argument of the Bessel functions. 

As is shown in Eq. (7), the elements of 4ss which contain the terms /j2(d) contribute to 
the same or the higer order of d‘, and the elements which contain j3(d)—/ji(d) contribute 
to Ase only in the case when these elements are combined to Do =439, and the elements which 
contain Ji(d) contribute to 4% only when it is combined to D2(k). 

Hence the values ko) and kz: which are determined from Do and 4S? =0 satisfies 


88 = Aig «Do! + Do - AB (Ro, Re)= OF (12) 


where 4j3’(Ro, kz) means the cofactor of 49 in the determinant 4. 


In a similar way Aynom vanishes for any m=4, and in consequence d(k, d) vanishes to 
‘the order of d?. 


(b) Determination of ky 

The determinants 4{? and 4 in Eq. (10) vanish for the above determined fo and fh: as is 
proved in (a), whereas 4s contain only ko, k:, and ks, because 4! is the coefficient of d4 
and the parts of the element which contain km for m=3 is a higher order of d+. 

We may determine fk, as the function of k and kz from the equation 4‘)(ko, ks, ks)=0, 


which is the linear equation of ks. As in the case of (a), ks safisfies 4) »=0 for m=4 and 
A(k, d) vanishes to the order of d+. 
(c) Determination of kem for m=3 
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Because the determinant 42"), 54. does not contain the coefficients k:, for p>m, we may 
obtain kom as a function of ho, ke, +--+, and Rom-2, from the equation of 42")s om4.=0, which 
results in 42% =0 for n>m like in the case of m=1 and 2. 

The expansion of k=ko+kod?+kid* ---+Romd?™ satisfies the equations 4;,= 4)),="-°= 
Ape) =0, for n>0o and we may say that the equation 4(k, d)=0 is satisfied to the order 
SOF 
(B) The case of ko=Rmi (m+0) 

We consider next the case when the value of k=) +hkod?+--- is derived from the root 
Ro=Rmi (m+0). 

Likewise in the case of (A), we start from the value Ro=Pin1 (m+#0), and k,2 may be 
obtained from the principal minor determinant with 6 rows and 6 columns which has two 
rows attached to each above and below and two columns each on the right and left of the 
determinant Dm'(k) in A(k, d). 

Further we may obtain successively i, ---, and k:,, and the equation 4(k, d)=0 is satisfied 
to the order of d’". When we do not have two rows above and two columns at the left to 
be attached, the enlarging of the determinant must be continued by attaching two rows 
below and two columns at the right. 


§4. Eigenfunction 

The eigenfunction uw is obtained from the equation (1). In case of the concentric circle, 
the coefficients An and Br in Eq. (1) are determined by Eq. (3), but in case of the eccentric 
circle these coefficients become the function of the displacement d, and we may expand 
these coefficients in powers of d as 


Moan” sda od An ae) Dn =O Bn Ba PNG =e Dag tae i eA) 


Substituting these coefficients into Eq. (6), and using the expansion of the Bessel functions 
in powers of d which are given in (A) of §3, and equating the coefficient of the same order 


of d as zero, we may determine A» and Bn. 
For simplicity, as the Bessel functions in Eq. (6) are the elements of 4(k,d), we may 
express the element in 4(%, d) with the 7-th row and j-th column as aj, and expand aij; in 


powers of d as 


Gom41,2542=0 "J = Pr eA Maka , Gam+2,2541= a '™—I1 >! Aimsraget a? : (15) 

p=0 = 
When we start from the root ko=ki of the i-th equation D,°(ko)=0 in Eq. (3), it is easily 
found that the lowest orders h of An and Bn in Eq. (14) are given as |m—z|, and reflecting 
Eq. (15) and the fact that the diagonal elements have the zeroth order of d, we have the 


following equation of order d*+'!™#! (s and m=0, 1, 2 ---) 


(28+ |m— pl meta 0) 


BS [Anette ae art 3S (Bye na E74 
(16) 


Ll j—4 —i|—21)) | a (2s—21) ee 
Dy, [s (A jet i-t gee tia ; : D) to Dage le ge a am+2 —=(\) . 
TaN 


These equations determine successively An”** and Bn**s from the lowest order of d, 
in Eq. (16) / and j are given according to the two cases of m>i and m<7 
(1) The case of m>i 


stmejzZzi—-s or 0 
I<s—(j—m) for j2m, 
(=< L0G ie =), (17) 


[as ¢-=)) 1 a 
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(2) The case of m<i 
stizjzm—s or 0 
i=s—(7 2) 
[Ss 


iSs—n]) 


§5. Numerical Calculation and Conclusion 


By the aid of the addition theorem of the 
Bessel functions, the solution of the wave 
equation bounded by two eccentric circles 
has been obtained by the solving of a system 
of the homogeneous linear equations. 

Though it may be possible numerically to 
obtain the eigenvalues k and the correspond- 
ing eigenfunctions for large values of d by 


~ Y. NomuRA and K. HARUMI 


(Vol. 16, 


for {22, 
for izj=m, (18) 
for jm, 

the use of the. electronic computer, we 


obtain here the solution explicitely in powers 
of the distance d of two centers, when d is 
small. 

Numerical solutions are obtained for three 
cases, one is the case of ko=ko1 when d=0, 
and two other ‘cases are for ho=hiur of ui 
and ui*. We illustrate here the computed 
values only in the case of ko=fo:1 in Table I, 


Kko=ko1 of the concentric circle; Ry or R, is the 


Table I. Values of ko, kz, ks, and ke, in case of 
radius of inner or outer circle. 
Ri/Ro ke | Ie | ks | ke 
5 0.7635 | —0.192 | 0.528 —1.17 
10 ORS3lZ —8.35x10-3 | [2638><L0s2 —3.37x10-4 
19 0.1612 | —6.68x 10-4 | 1.88x10-5 —6.82x10-7 
30 0.09903 | —1.23x10-4 9.92x10-7 —1.05x10-8 
39 0.07473 | —4.70x10-5 | 1.90x10-7 | —1.01x10-9 
* ko and d mean kpRy and d/Rp in Eq. (9). 
O 0.05 0.10 < 
100 + 
| 
fo) 
9 
1.02 
099) yh 
32 
ea 
30 
fele's} Re) | 
9 
“ R io 
Kor Bes 
Fig. 2. Shifts of k/ko: of usi’ for d/R,. Numbers 
attached to the curves indicate the values of 
R;/Ro. Calculated from Table I. 1.00 
O 0.05 O10 d 


and omitted the values for two other cases, 
in which & is given to the order of d*, and 
omitted the values for three eigenfunctions, 
in which the eigenfunctions are obtained to 
the order of d* or d’, each corresponding to 
their eigenvalue. 

In Figs. 2, 3, and 4 values of k/k. for d/Ri 
are given for the above three cases, and the 


Ri 
Fig. 3. Shifts of k/ku of us? for d/Ry. 


eigenfunction with d/Ro=1 are shown in 
Fig. 5, and it is compared to u of the con- 
centric case with R:i/Ro=19. 


(c) : 5 
*) ui and Ve. are the eigenfunctions with cos¢ 
and sing in Eq. (2). 


(oc) 


1961) 


alo. 


Bee Ol 


0999) 
ake 
ku 


Fig. 4. Shifts of k/ky of wi? for d/Ry. 


From these figures and Table I, it may be 
concluded that 

(1) In case of concentric circles the eigen- 
values for the eigenfunctions with cos mw 
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and sin mg are degenerate, but as is shown 
in Figs. 3 and 4 the degeneracy is removed 
and the eigenvalues separate, as the inner 
circle is displaced. 

(2) In the case of uj) in Fig. 4 when the 
inner circle is displaced along the nodal line, 
the shift of k from ko is not so large as in 
the case of wii) in Fig. 3, when the inner 
circle is displaced in a direction perpendicular 
to the nodal line. 

(3) From Table I we see that the approxi- 


mation to the order of d? overestimates the 
variation of k from ko. 


Fig. 5. Amplitudes of the eigenfunctions on the y-axis; dashed curve are of Uo. for concentric 
circle, real line are for eccentric circle, each is normalized by Ay=1 in Eqs. (1) and (4); 


n=, Ri/Ro=19. 


Appendix 
Only the elements @,an-141 (W=1, 2, +--+, 4nSIS1) in A(R, d) contains Jom+i(d) of odd order, 


and @,4n-141 Change their sign in 4(k; —d) as 


—14 0) a6 
0 Q25 0 
34 0) — 36 
Q44 —Q45 0 

— 54 55 a6 
0 des A66 


ai Qi2 0 
G21 G22 ~—Q23 
(0) — 32 a3 
—Gs1 0 G43 
0 52 0 
a1 0 — 463 


The value of 4(k, —d) does not change its sign, when the elements in the both 4”+1th 
and 4n+2th rows of 4(k, —d) are multiplied at the same time by —1, or the elements in 
the both 42-+-1th and 4v+2th columns (7=0, 1, 2---), then we have A(k, —d)=A(k, da). 
Therefore the function #(d) which is obtained from 4(k,d)=0, and the function k(—d) 
which is obtained from 4(k, —d)=0 are exactly the same. Hence k is the even function of d. 
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In order to find some effects of compressibility on the flow of a con- 
ducting gas past a magnetized body, the two-dimensional, steady flow of 
a weakly conducting gas past a plane wall containing a magnetic dipole, 
the axis of which is placed parallel to the wall, is considered on the basis 
of the small perturbation theory. The boundary value problem in terms 
of perturbation velocity is formulated and solved for subsonic and super- 


sonic flows. 


In subsonic flow of a comparatively small Mach number, 


the drag and moment depend only on a parameter N, where N=R»S, Rin 
is the magnetic Reynolds number and §S is the pressure number. In 
supersonic flow, the velocity distribution on the wall is not monotonus, 
and becomes more irregular as the Mach number approaches unity. 


Introduction 


§1. 

The behavior of a conducting fluid past a 
magnetized body has been investigated for 
the case of flow past a sphere and a circular 
cylinder containing a magnetic dipole both for 
perfect fluid!) and for viscous fluid?). The 
aim of the present paper is to understand the 
behavior of a compressible, inviscid, conduct- 
ing fluid past a plane wall containing a magne- 
tic dipole. The problem is presented as follows: 
The wall surface is placed along y=1 in the 
Cartesian coordinates ; the fluid occupies the 
region y>1 and has a uniform velocity U. 
parallel to the x-axis at infinity upstream 
(x——co); the magnetic dipole is placed at 
the origin with its axis along the x-axis. In 
the present paper, it is assumed that Rn< 
N<l. This means that the interaction 
between the flow and the magnetic field is 
weak and that the distortion of the magnetic 
field due to the flow can be neglected. In Sec. 
2, the corresponding boundary value problem 
in terms of perturbation velocity is formulated 
and the expressions for the drag and moment 
are given. The solution of this boundary value 
problem is obtained in Secs. 3 and 4 for 
subsonic and supersonic flow, respectively. 
There are also discussed the velocity distribu- 
tion on the wall and the drag and moment, 
The special type of magnetic field assumed 
in the present paper has been chosen for the 
sake of physical interest and simplicity of 
calculation, but it does not mean any essential 


restriction on our analysis. 


§2. Fundamental relations 
The basic equations to be solved are 
div (ev)=0 
p(vu- grad)jvu= —grad p+j <x pH 
div H=0 
J=rot H=o( E+v x pH) 
ou: grad)p—7pu-grad)e=(7 —lo tej? 


where v, H, j, p and e denote the velocity, the | 
magnetic field intensity, the current density, | 


the pressure and the fluid density, respectively; 
o, #, y denote the electric conductivity, the 


permeability and the ratio of the specific heats, © 
and all these are assumed to be constant | 


everywhere. For two-dimensional motion, the 
electric field H is constant throughout the 
field and may be assumed to be zero. Let us 


denote the velocity, the pressure and the fluid | 
density at infinity upstream by Us, po and | 
Po, respectively, and the magnetic field inten- | 


sity at the point (0,1) by do. Then v, H, p | 
and p may be made non-dimensional as follows, | 
B= (hyn H=h ft’ , 
225 / / \ ( 2 ) 
P=Pop’ , 0 =x" , 


Also the space coordinates will be made non- | 
dimensional by taking the distance L (assumed | 


unity) from the x-axis to the wall surface as 
the unit of length. Then, Eqs. (1) become 

div (o’v’)=0 (3) 
o'(v’ -grad)v’ 
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mn grad p’+ Mv’ x H’)x H’ (4) 
div H’=0 (5) 
rot H’= Rn(v! x H’) (6) 
p(v’ -grad)p’ —7p’(v’- grad)o’ 
= — LAE No! xB) (7) 


where M=(0.U2?/7poo)'/?, Rm=opU.L and S§ 
=pho*/0.U~® denote the Mach number, the 
magnetic Reynolds number and the pressure 
number, respectively, and N=RmS. Since it 
is assumed that 
Rinn<N<X1 (8) 
the right-hand side of Eq. (6) can be neglected 
and then H’ satisfies Laplace’s equation by 
Eqs. (5) and (6). (Strictly speaking, the 
distortion of the magnetic field at a great 
distance cannot be neglected except for the 
limit Rm—0. In such a region, however, the 
field of a magnetic dipole is sufficiently weak 
and the influence of the distorted magnetic 
field upon the flow may be neglected.) We 
can also put 
v’/=(1+u’,v’), p’=14+4p, p’=1+d4e (9) 
where u’, v’, 4p and 4o are small quantities 
of the order of N. Substituting Eqs. (9) into 
Eqs. (3), (4) and (7) and taking into account 
that all perturbation quantities vanish at in- 
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finity upstream, we obtain the equations in 
terms of the perturbation velocity : 
/ , 
@—-Moct 40" MN, 
ox oy (10) 
/ / x 
Fe ay Natt | H,?dx) 
ox oy OSD. Wes 
where Hz and H, denote the components of 
the undisturbed magnetic field. For the magne- 
tic dipole considered here, we have 
ec se  ge 
as («2+ y?2)2 ? a («2+ y2)2 
It is assumed here that the wall has the some 
permeability as the fluid. On the other hand, 
u’ and v’ have to satisfy the following condi- 
tions : 


(11) 


v’=0 Onsv=1), 
uu’ =v' =0 as x—>—0o , (12) 
Woe finite as x or yoo 


Eqs. (10) and (12) represent the boundary value 
problem in the present paper. 

Once u’ and v’ are found, the pressure 
distribution on the wall is obtained by the 
formula : 


ap=rM4(—w' +N" Hydeya (1) 
which can be derived by integrating the 


modified equation of motion : 


= grad p/—7M+{— grad v’?—v’ Xrot v’— M(x Hx Bt 


along the wall surface. 


The non-dimensional drag on the wall, due to the reaction of the 


Lorentz force on the fluid, is found by the formula: 


D=—N\ dy\" (ex H) xB yids=N \ “dy\" CO ean sy E 
1 —oo 1 —oo 


where i denots the unit vector parallel to the x-axis. 


(14) 


On the other hand, the non-dimensional 


moment about the origin is found by the formula: 


m=—N\ dy| 
1 


co 


co 


r<{(v' x H’) x H' }kdx 


ae N\ay\" (cH -+-yHy{(1+u!)Hy—v! He}dx (15) 
1 —oo 


where r denotes the position vector and & the unit vector parallel to the z-axis. 


§ 3. Solution for subsonic flow 


For subsonic flow, 1—M?=a?>0. By the transformations: 


E=x/a, n=y—-l, 


Eqs. (10) become 


u=anu', Dts (16) 
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RE ap M?NH,? os 
ae 2 aN(HeHy + Hy? dx) | 
F urthermore, by introducing the complex expressions 
2 eee z—£-in, W=u—lv (18) 
the above equations can be reduced to a single differential equation: 
9 ow =(q-5) | Ge = 
Oz 0€& On 0& an 
=aN( HH +> \" Hyde) +irM*NH,=Noe, 2) (19) 
Integrating the both sides with respect to z, and putting 
\ve, 2d2=F(z, 2) (20) 
we obtain 
2iw=2v+2ui=N{ F(z, Z)+ f(z} (21) 


where f(z) is an arbitrary analytic function of z. Transforming back to the original variables, 
we obtain the solution in the form 


w= 2 SF, a+f(@}=u'(x, y) 
a (22) 
= AREG, )+f@}=0"e, y) 


where the function f(z) is regular for y>1 and can be determined by the shape of the wall. 


Conversely, by giving a function of z regular for y>1, the corresponding flow field and the 


shape of the wall may be found. Now, in order to find the function f(z), we take the trans- | 


formation 
Oat 


C=7er= - 
az+t 


This is clearly the conformal transformation which maps the upper half of the z-plane onto 
the inside of the unit circle, say K, in the ¢-plane. If Eq. (23) is solved for z, we get 


. —2r sin 0 ; Je? | 
2=6+1n= calle 
oe a(1+r?+42r cos 0) — : a(1+r?+2r cos 0) (24) | 
On the unit circle K, we therefore obtain 
= sin 0 1 0 
pea — =e t ws - 
; a(1—cos 0) ae D) (25) 


Hence, the condition on the wall (i.e. v’=0 on 7=0) can be written a 


RP Ohe= RE (z, 2} c=$(0) (26) 


Thus the function f(€) can be expressed as 


FO=iMFO}+S \Ho) gaas)), (27) 


e9 —€ 


(23) | 
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Transforming back to the original variables by the relation: 


se Se Lees Bend 2a (28) 
az+t x+(1ltay—a)?? = x?+(1+ay—a)? 


the final expression for f(z) is obtained. 
For the magnetic dipole considered here, F(z, Z) can be obtained as follows: 


x 4a 1 
Bias Mtan-! 
si Soe i 2) 
ee ay & ee saa i! 
arene es Ted one Lee 


= 7M. fran cle?) , 8(1+a%) \ 
a%(z+i)? (ltr)? 3M? (1+72)8 


: al ik eee | (29) 
3a%(z+i)3 \(1+22)2 | (1+72)3 
where 
5 BAERS iG 
C= SS 
Ade VA) 


Now, remembering that a=(1—M?*)!/2, we may expand F(z, Z) with respect to M? for subsonic 
flow. We shall take into account only the first two terms. We thus obtain, by use of Eq. 
(25), 

NE (2,2) }xe= — F243 cos #)(1—cos 0)? 


M2 


Fee) sin #(1—2 cos #)(1—cos @) 


+-(18 cos? 9-+17 cos @+1)(1— cos or La+3 cos 6)(1—cos ay (30) 
Substituting Eq. (30) into Eq. (27), we have 
F(G)= (8080-450) 
eid + a) log (1—£) 
+36 - 1)(9¢e— 100 = 26-4 Ss) 
—Le_—1)(are— 130 +23¢—25)\ (31) 


a i 
Fig. 1, Fig. 2. Curves of uo’ and uj’ 
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Here, the integration in Eq. (27) can be performed easily by applying the theorem of residues 
to the contour shown in Fig. 1. Substituting Eqs. (29) and (31) into Eqs. (22) and putting 
y=1, we obtain the velocity distribution on the wall: 


ul = 2 (ua + Mt! + i) (32) 
where ‘ef 
tea © tan | - (33) 
Uo & +tan x) 202-1)” 
3x?7—1 x(x? —3) 4 
fae st lay ee 
Heap on A Qa De ed 
4 ee 
(x8 +7x!+3x?+5)x er 7 (3xt8xi—3)e (34) 
4(x?-+-1)$ 6 (x?+1)* 


The curves of wo’ and u:’ are shown in Fig. 2. The drag and moment are given, by means 
of the formulas (14) and (15), as 


D== w(l -# v) (35) 
m=-4 (1 rae ) (36) 


It should be noted that uw’ is an odd function of x except for the first constant term and that 
v’ is an even function of x. On the other hand, H, and Hy are even and odd with respect 
to x, respectively. Hence only the constant term of u’ contributes to the drag and moment, 
since the integration is symmetric about x. Thus we can conclude that the drag and moment 
depend only on the parameter N and not on M®? for compartively small Mach numbers. 


§ 4. Solution for supersonic flow 
For supersonic flow, M?—1=§?>0. By the transformations: 


Cane, § Saye =e oe (37) 
Eqs. (10) become 
_ ou, W _a vente 
art grat MNEs 


ov 0 


(38) 


ui _ Oy : 
aes =BN( HeHy+ : |" dx) 


By further transformations: 


fay aay n=x'—y’, U=u +9, V=u-v (39) 
the above equations become 
aU +M2N BN ate a 
= Ab? = 2 dx \=22— 
. ei cna (# Byte \" Hy ax) 25 GEE, 9 a 
dV «BM?N.,, BN a (? shied 
ac (Hott \" Hitds) 22 HE, ”) 


Thus, these can be integrated in the forms 


U=2G¢€E, 7) +2g(&) \ 


V=2H(E, 7) +2h(y) oe 
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_ where g(€) and h() are arbitrary functions. Since the disturbance does not propagate upstream, 
&(€) is set equal to zero. On the other hand, (7) can be determined from the condition on 
the wall. We thus obtain the solution for supersonic flow: 


1 
u! = —{G(E, n) + H(E, 7) +h 
u - (€, 7 (€, 7) sais a 


v’=G(§, 7)—H(, n)—h(n) 


where €=68-'x+y and 7=f-!x—y. 
| Applying the foregoing procedure to the case of the magnetic dipole considered here, the 
_ following results are obtained: 


eee +tan“ 7) cll aeeene She eyes 
4 nye 2 y 3 (aye) 3 eo-y2)8 
7¥M? M? _, «+ By ) 
t 1 
+ pate ae Bey Ey? 
zy 7M? ( Ma Pe Ses x— By on 
2B(x— By)? \x—By Px y * xt hae 
BM? ee tel hy BM? 2) py 
as se —t 2 SS t ee 
2(x + By)§ 7 pay. 24—fy) is Buty 
282% x iG \ 1 
! +— +h : 43 
Py? py) Pyar lt pe ey 
=F Gand Mad ( M? ae ey a 
4 2(x+ By)? x+By Bx—y x? +y? 
ToDMt ( Wk Ean fete) 
an 
(x—By)?  \x—By bxty xi+ye 


1 te eS ben 2) (44 
ye 3 Gagep POT 


where 


May aaa M tant x26 ee nia) 


4 AX 2B)? x+28 Bx+B)—-1 («+ )?+1 
CE et eee ay BAS) 
Dee (= sare SIC rR eT) 
an 87 at \ (45) 
op) ll? 3 fers) -+1) 


Fig. 4. Vertical component of the velocity along 
the streamlines for M?=2, 


Fig. 3. Velocity distribution on the wall. 
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The velocity distributions on the wall are 
shown in Fig. 3 for the cases of M?=5/4, 2, 5. 
They are not monotonous curves but contain 
ups and downs which become larger as the 
Mach number approaches one. 
The streamlines can be approximately ex- 
pressed in the form 
yao" [v’]y=vdx 


co 


where 0 is an arbitrary constant larger than 
unity. The values of [v’]y=. are graphically 
shown in Fig. 4 for b=2,3 and M?=2. From 
their plots it is seen that each streamline will 
go up two stairs in the neighborhood of the 
Mach line through the origin. The drag and 
moment can be calculated by substituting Eq. 
(11) and Eqs. (43)-(45) into the formulas (14) 
and (15). The first terms, due to the interac- 
tionbet ween the undisturbed stream and the 
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field of magnetic dipole, are found to be Nz/8 
and —Nz/4 as in subsonic flow. The calcula- 
tion of the second terms, due to the interac- 
tion between the perturbation velocity and the 
field of magnetic dipole, becoms complicated, 
since h(x—fy) in the perturbation velocity is 
not symmetric about x and the integrations 
involving it must be carried out. Thus, in this 
paper, we have not tried to obtain the second 
approximation. 

The writer wishes to express his hearty 
thanks to Prof. Z. Hasimoto, Dr. T. Sakurai 
and Mr. Y. Sone for their valuable discussions. 
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Using the solution of the equations of elastic motion of the spherical 
symmetric inhomogeneous medium, we have obtained the expressions of 


the ray and the diffracted waves. 


They have a simple form and clear 


physical meanings even if the medium has considerably complicated 


inhomogeneity. 


Introduction 


§1. 


Owing to the complexity of the equations 
of motion” of the inhomogeneous elastic 
medium, the waves have been calculated 
practically by means of the solutions of the 
homogeneous medium together with the law 
of energy conservation. Several years ago we 
got a solution of the equations by physical 
intuition.” 

Using these solutions, we obtained the ex- 
pressions of the elastic waves in an inhomo- 
geneous medium, where we could not show 
why they were the solutions of the equations 
of motion, 


Now we will present a consistent theory 
starting from the original equation of elastic 
motion, and will obtain a rigorous wave 
equation, which can be separated into the 
longitudinal and transverse wave equations 
approximately. They can be solved easily, 
and the approximate calculation gives various 
results, which are simple even if the medium 
has considerably complicated inhomogeneity, 
and which have clear physical meanings. The 
method of calculation in this paper can also 
be applied to the problems of the non destroy- 
ing examinations of materials by means of the 
ultrasonic waves, 
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§2 Wave equations and the Solutions 


Generally speaking, the equations of elastic 
motion in an inhomogeneous medium are too 
complex to get the wave equations from them. 
But if the density o and the elastic coefficients 
4 and y depend only upon the radius ry, and 
_ further the displacement vector S has no y- 
component, we can deduce the wave equation: 


PA(A+ 2e)P-8}—pP XP x94 A =p : (1.) 
r 


where 
2S, 1 
Ar= 2 0 
{ r pies sin x}, 
Aa=r7(*) 1 Sr 
OPN To" 00" * 

Ayg=0 ’ 
rigorously from the equations of elastic 
motion." Putting 


s=(Vo4+V Xaje , 
both functions ¢ and a will have a plane wave 
like form in the distant region from the source. 

Under the further assumption that all the 

functions o, 4 and yp vary with r so slowly 
that the magnitudes of Vp/o, VAé/A and Vyu/p 
are of the order of 7 !, the last term of the 
left hand side of (1.1) can be neglected in the 
region of large x as compared to the other 
three terms which are all as large as the 
inverse wave length. Then the equation (1.1) 
can be separated into; 

(A+2u)V?b+ pw*d=0 , 
and (1.2) 
wWxV xa 
If we write 


$=On(1)Prlcos 4) , 


—opw*a=0. 


and 


| a3) 
a=—V xr¢r(r) Pricos@), 


the equations in (1.2) are transformed into 


i 
oi” 2 i’ +( Po _n(n+)) "in = i 
Y A+2p Tp 
and (1.4) 
bios = ni (2 in =0 | 
r Lu r 


We found rigorous particular solutions of 
the Maxwell’s equations in the inhomogeneous 
medium in the previous paper,® but now even 
the separated equations (1.4) themselves are 
the approximate ones, 
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If the function p, 2 and yp satisfy the rela- 
tions: 


ye yom : 
A+ 2p 
and (1.5) 
Po =k? yom 
the equations (1.4) can be written as: 
¥in€ N42V 1 
+ (# mee Yam, Yr) == () 
where (1.6) 
Mm-+1 
v2, Amey Ego (A 
ge Si or m+1 
= n+1/2 
m+1 ’ 


where H‘ is the Hankel function, and €=h 
for the longitudinal (P) waves and =k for 
the transverse (S) waves. We used these 
functions in the previous paper, and _ its 
validity has now been visualised. 


$8}: 

The reflection and refraction coefficients 
were already calculated at the free surface 
and fluid boundary.* We must now calculate 
the boundary conditions at the continuous 
boundaries, where ¢, 2 and are all continuous. 
Before entering into it, we divide the large 
spherical symmetric inhomogeneous medium 
into many laminar concentric layers, among 
which the layers 1, 2, 3,---, c are assumed 
to be the fluid media and the layers c+l, 
c+2,---, N the elastic media. The bound- 
aries y=7o(o4#c, N) are assumed to be con- 
tinuous boundaries. If we write 2’ and p’ 
the coefficients of the fluid medium, and write 


hia, r)=her™s , | 


Boundary Conditions 


and (2.1) 


KO, Na | 
where fc, kg and m. are constant in the o-th 
layer, then we get the wave functions 

Wig Wee, Yr), =n or Ren 
in the o-th layer. The ordinary boundary 
conditions between the elastic media require 
that 


oe It is the boundary between the elastic and the 
fluid medium, 
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yey 4 ant 1) 5 and dnx denotes the refraction coefficient for 
‘ forthe the h wave refracting into the k wave. 

(2) but (rhn)'} ; §4. General Representations of the Waves _ 
(3) — ante t 24d +n(n +1(%) \ We are ready to find the general represent- 
- ations of the waves emitted from the point 
(4) rr (Gut (rhn))¥ source Q(7, 0, 0) in the medium which varies 
be continuous at the boundary. But now we arbitrarily with rv. In general the incident 
have additional conditions: wave produces two kinds of reflected waves 
E(o, re)=E(o +1, re), €=h and k, and also two kinds of refracted waves at the 
and yt is cotinuous discontinuous boundaries, while it produces 


only the same kind of refracted wave at the 
continuous boundaries. Accordingly there © 
occur 2% kind of various waves after Z times | 
reflections and refractions at the discontinuous 
dm’ be continuous) at-r=res and.we-get boundaries. Applying the same method as in 
the previous paper,® we get the following 
R(re)=0, results. 

Anx(Yo)=Onx, 5: kronecker. At first the primary waves emitted from 

where FR denotes various reflection coefficients, the source Q(7, 0, 0) are 


at the continuous boundaries. The last condi- 
tions simplify the calculation very much, and 
the above four conditions can be transformed 
into the four conditions that ¢n, ¢n’, dn and 


Ool§)= Daal) Data, AW Yn (Ea; 7)? A=oygs-1,o7 5" N; 
(4.1) 


1(G)= 3, PulECut, AYYnMEs, N, —— A=Q—1, q—2,-++, C4H1, 


where O and 7 denote the outgoing and ingoing waves respectively, and 


a 


ae neon 
pa (6S Bamgtly Ly Q Ge, 7)? (4.2) 
and 
2 Yn (E41, To) 
né A | eS 2 
Cc (p, q) es Vn'(Eq, Yo) ? (4.3) 
o Yn (Eo, Fo) 
DatlAl Obst apes oe 
(P Y o=4q Yn (Eo+1, We) > (4.4) 


eC ee OG ah wae 


The primary outgoing wave O,(h) reflects into the ingoing waves h(h, h) and I, (h, k) at 
the free surface y=ry, on the other hand the primary ingoing wave Io(h) produces the 
secondary waves: 


ca) 


Orth, h)= % O,(hir h) , 


K=0 3 

d 
an (4.5) 
O:(h, k= SO, (hi ) 


? 


at the fluid boundary r=re. The ingoing wave I; (h, k) produces the outgoing waves O, 
(h, k, h) and O2(h, k, k) at r=re, while the outgoing wave O,(h, k) reflects into the ingoing 
waves I2(h, k, h) and Ih(h, k, k) at r=ry. 

They are expressed as follows: 


c= = Yn(En, Yn) 
Keé, = Dan) Dnk(q, N DFO (pe, ray Old A) Vu "Xpation ys (4.6) 
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| 


where 
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OE, 1) = 3 BrlE) Ca€(q—1, c+1)Tn(E, 7)Da%ct+1, A-1)Ya (a, 7) , 


OMENS Bs a> ant) Dnk(Q, N Dee 22) Rais) 


C24 N—-1, ¢+1)Tn™(n, €)DaS(e+1, A—1Yn(Ca, 7), 


LAE, 1, ©) =BPolG)Cublg—1, e+ YS Talore, D)DMe+1, N=1) 


(1) 
x Ya, 1H) ene (re)Cu8(N—1, A)¥aCa, 7), 


Yn' (Cw, wv) 
Yn? “Ee41, a) 
Tn' Ce 
&, Ue Yn (Ne41, Ye) Maps 
Yn?) (Ee41, Ye) 

ate ’ = ere an SENT. neh c 7 (C— ’ ha Cr om . 
Te (E, 2) Yn (he, bar (re){Cn*™(e—1, 1)Dn*(1, c—1)} 

Yn (he, Le) Mi An Yn (he, Te) 
oe aed dn (re) Va (esi, Te) ? 
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(4.7) 


(4.8) 


(4.9) 


(4.10) 


(4.11) 


and R denotes the reflection coefficient, while cn* and d,”” denote the refraction coefficients 
at r=r- for the ingoing and outgoing waves respectively. They are expressed as follows: 


Rn™(ry) a3) {ROE — Ape} 
Yn? 3 

Rr™(rw)=0(rw) AV E®— AVEO} , 

Rrk*(rw) =o(rxy {EEE rng =B ei 
Yn? : 


Rn™(rx)=0(rx) {BYR O—BORM} , 
n(n+1) 


Tr* 


rw) =A®B™ — BE Fe) 
Yn' (he, To) a | 
Pies) (zig) eee 2202) 
Ri™(re) =8 (ro Yn(he, ro B ant Vo)°a ‘ 
Re (to) = —{reB} [EO Ria (re) +E] - 
Crl™( re) =O(Fe) 2B -1[ AV a2) — g(tt) BAD] : 


Yn (he, Te) 


V 
GIA Se ao h a 2 (12) 
Yn (he, Te) p 2p (c, ) : | y 


Rn¥*(e) = strer| = 


Rn®™(re)= —r-E™-[B® —B Rn¥(re)] : 
Cn®™(ro) =3(re) role [ Bat — ath) Bor] , 


Yn (he, Oa Yn (he, “| 
Yn (he, Yc) Yn (he, Ye) 


dubM(70)=8(F6)"BS Nc ro 
dn**(re) = —EY{7.B}—dn?™(re) ‘ 


Rn’ (fo) =—w(Pe)"! [es ae me ui aah ry ora | , 


(4.12) 
(4.13) 
(4.14) 
(4.15) 


(4.16) 


(4.17) 


(4.18) 
(4.19) 


(4.20) 


(4.21) 
(4.22) 


(4.23) 
(4.24) 


(4.25) 
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Yn (he, Ye) x 1} 
90) et 5 Mey rapa”, | ae 
where 
At NHEY rR 52 VAD, Py 
— Z t Snir. 4 
B® — n(nt+1y—1 kv? 1 Yn (Rk, ry 
me r? 2 ¢ Yn®(k, r) ’ (4.27) 
Yn(h, ry 1 
oO = = 
Q YoU, 7Y 7 
ape CRT 
YAR, Fy Or 
and ‘ 
Qist) — Yn (hes, re)" pit) m(N+1) 15) ; 
Yn (he+1, Ye) Tien A 28) | 
Be) AOR AFD) pos) pr | ; 
Ton : 
atEnyi— To. 


where the last coefficient FR’ is that of reflection at the inner side of the fluid boundary r=7re. 


§5. Ray Expressions of the Waves 


The first order approximation by the saddle point method gives the ray expressions. They 
are good approximations in the region where the geometric-optical ray can reach. Following 
the method discussed in the previous paper, we get 


tan tg tan te 
0) ee ey pi gds |) a = 
i} An 77 [sino a ‘al F exp] in| all pe Me ee 


iS? e 


where the contour of the two integrations in the right hand side is the ray determined by | 
the relation: 


E(o, r) y Sin t=Con St , (552) 


from the source Q(7, 0, 0) to the point P(r, 0, 0) and c is the angle between the ray element | 
ds and the radius. The values of F are given as follows: 


On) F 
lh, Oo i 
Lh, ) Goes ein 
hw COS tw 
Ii(h, h) Rn®*(ry) (5.3) | 
Oh, b) (ee R*(.) 
Nex COS Te ; 
O:1(h, h) REG) 
O.'(h, b) Ce es i ® ohh Raine 
he+1 COS Te 


where ti and 7;’ are the angles at y=7; between the radius and the ray of the P and the S$ | 


waves respectively. The approximate values of the reflection and refraction coefficients are 
given as follows; 
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R™(ry) =Dorw)- sin PaaS 2a’ EF cos: den’ | (5.4) 
R”’ G3) =D rx) Oaity = COS Tw Cos 2 

WN: ras w COS 2tw’ | , (5.5) 
til (gD =) tai gg (5.6) 
3 ky? 
REG) =D x)= iE = RN, rw)rw Sin tw’ sin 4ty’ | . (a7) 
D(rw)=sin 2ty sin 2t Ue Rae Qty’ 
2 hy? Ns (5.8) 
Lie) Dire sin 2te “(sin 2tc sin dee — Pecos? 2Te ) estes 20 ; (5.9) 
Det ie 
Re) =Dir-| - - eae ah Fane Te COS 2Te’ Sin 2te %| ‘ (5.10) 
R(c+1, re)?_. 
mr) =Diror'| BEE oe sin 2z7¢ cos 2ce'| ; (9.11) 
R*(7¢) Dive sin 2te’’ (sin 2te Sin 27’ — ee Cos? 27’) —* sin 2c6| : (a2) 
c fh ite 
R®(r-) =D(re) iB ZR Ga A; Daas Ress Sin Te Sin 4t¢" sin2r<” | , (Onto) 
Nest 
cM 7.) = Dire aik(e +1 re) a sin 2re sin 2te’ sin te | : (5.14) 
Gia IHF a als 4 9 sin ce’ cos 2re! 
‘ Jala = — ‘ Nts COs 2tp-4 > (5.15) 
OLE es 
pA c) ==/9)( c ~ Eo i] c 
: €. le ae rots Kotler pt y | y Saad 
/ ) ; Vie . ey A 
R’(re) = Dire) sin 2te (Sin 27oSill ate 1 = COs 2te) — 10 2r6| ; (ale) 
e+1 Ne 
D(ve)=sin 2t¢’’(Sin 2te Sin Qe! + Re +1 cos 2te¢’) + “sin Zor, (5.18) 
C+ 


where ct’ is the angle at the inner side of the fluid boundary. 
These nine coefficients at r=re satisfy the relations: 


ah qh , hh qk 
Rm eS at ; Rr += (5.19) 
ckh qi b chk qi 
ki =——l, fo) ee eee a c 
Re asia + aa (5.20) 


The relations are usefull to calculate the wave whose ray does not touch the fluid core, 
and its final form is just the same with those of the primary waves. 


§6. Diffracted Waves 
The waves in the shadow region can be calculated by Waston’s method. When the above 
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contour of integration in the complex m plane is transformed to pass through the saddle point, | 
it meets with the poles: | 


| 
Yn (he, Voy = i] 
was pan , (6.1) 


V 
ne hic,re)?at) + . 
2h 


of the integrand, where a and B°") were given in (4.28). 
Upon putting 


mm. 41 m +1 


Ns h(c+l, ce be rare . 


c+1 c+1 ors (6.2) 
Ns! k(c+1, Fo)o R(c+l, re)re oe 
Moy tt Weegee ba 8 


the root ms of the equation (6.1) can be expanded as: 


1 1 1 1 
= — yi? (4)3 
2 ae Mie ge hee 1272,” | 
— I 1 | (Slee (yea 6.3 
Ge: ae 86 xt, y eet (6.3) 
or 
rare. thee jeMCting wt. te aah 
x5 =KXoos + yh ae 3 %ot 8 2 yin 5 yits ys ’ (6.4) 


t=, 
where os and xs are the s-th root of the equations 
Jops{Ox)} —J-2/{C(x)}=0 , (6.5 ) 
and 


(2 xe~it)3/2 


Jip{Ox)}—J-1/{CX)}=0 , $2 ogee (6.6) 


respectively, and 


j (1-H) / He rok Ose) 


2h? A(c+l, re)? Mexit+1 
(1) e+1 
‘ A Ress WG, roy? cae ue Vie he, ro? , (6.7) 
4p fey, h(c+1, re)? 0 hic+l, re)? — 
y= Vh(c+l, i) E tle fei, ey 
4uk(c+1, fed fig EN ela a ats Shea Metitl (6.8) 
h(ce+1, re)? 


Rees 
The primary wave [(€) produces the secondary waves: 


OE, => OE, 2), 


where the values of all O:‘“) becomes zero at the poles except for «=0. Therefore the only 
wave O: contributes to the diffracted waves. After a lengthy calculation using the well 
known properties of the Hankel functions, we get the following results: 


1 (a %e)re\ V3 
OW Meri +1 ) tante tanzp |! 


/ 
Ot, Mh =a ee ae) LTO yl Fratsind 


. ds 5 
—— Oils 2 += xi 
exp| io | <i Ons ZA:1OA2 i 5 | ; (6.9) 


Q4,49P 
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Le s 1 [eee tance |! 
2 2n 8 (art y'2)y/ ties ets v7Ns! sin@ 
Z k 


+1 


[Oi(h, h)}2= 


<exp| ia tS an ZA OA2+2F(/—1, Zaers z lh 
h 


QA, 4oP 


A(c+1, re) Ye) hitis 


. 12 / She i Mexwt+1 k? 
Onlh, k a Tah 
[Or( Ih= tker1 R(c+1, rre( ai h(c+1, a is ($e ig! ) 


Mewtl 


ds 
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(6.10) 


x3 [ fearet ye a rear {Hi (6 V HAO iP 
_| tanze tance! ws \ & 
| nsv¥ Sin [exe[iof | eae | 

2 


Fig. 1. The contour of integration QAiA2P of 
[O,(h, h)]: (6.9) is shown. It touches the surface 
of the sphere of radius (rms) at points A, and 
Az The contour goes along the surface of the 
sphere between A; and Ap:. 


Fig. 2. The contour of integration QAiA2P of 
[O1(h, h)]2 (6.10). It touches the sphere of radius 
r(ms’) at A, and As, where the radius r(n;’) is 
considerably larger than re. It is thus clear 
that [O,(h, h)]2 is very small as compared to 
[0,(h, h)]; in the geometric optical shadow region. 


ol an ZA.0As| é (6.11) 


Vk 
QA, Ay 


Fig. 3. The contour of integration QA,A,P of 


[Ox:(h, kj, (6.11). Although the radius r(ns) is a 
little larger than the radius 71¢, the length A,;A; 
or ZAiOA, is quite large in the geometric 
optical region, because the angle rc’ is smaller 
than 7/2 and sin c/=he+1/ke41.- 


Fig. 4. The contours of integration QAj,A),’ and 
A2P or QAi and A;’A2P of [Ox(h, k)]2 (6.12). 
The contribution to the wave [0,(h, k)l, from 
these two contours are the same. 
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O | 
Fig. 7. The contours of integration of [Oi(k, h)]o | 


(6.15). 
Fig. 5. The contour of integration QA;AsP of [Oi(k,k)]e The contours are Q,A,P. The contribution of 
(6.13). these contours are the same. 


This wave is one of the two main contributions to the Toe radius r(ns’) is a little larger than the 


diffraced waves in the geometric optical shadow radius 7c, while the radius r(ms) is larger than 
region. The radius r(ms’) is a little larger than the the radius re, so that this wave becomes 
radius 7. quite small in the shadow region. 


Fig. 6. The contour of integration QA;A2P of Fig. 8. The contour of integration QA;A:2P of 


[O1(k, k)]1 (6.14). Although the radius r(ns) is [Oi(k, h)\1 (6.16). 
only little larger than the radius 7¢, the angle The radius r(ms) is a little larger than the 
AOA; is considerably large when P lies in the radius 7¢, but r’<7/2, so that 7 A:;O A, becomes 
geometric shadow region because of the small large in the geometric optical region, and it 
angle of c’, where sin c/=heii/keit. makes the wave very small. 

[Ovlh, Bhe= v3 


t/ (meri+1) A(c+l, re)re 


me athe 2 il 1/2 
Ne =| erty) vanee f fy HK) | bees 


ee Ns' V7 Sin O 
: ds ds — 2rt 
exp] ia \ e+ | ooh ine a ZAOA+FU-1, |, (6.12) 
an h a k 
(é (c+1, ry 
; Peas Rip tan tq’ tan tp! ]1/2 
(Ok, B= % tenth | | 
1 7G. 19 Xs(2Xs +301 HIRO | V7YNs Sin 
eR DL dan | eames ee Ae ee (6.13) 
Ors IW 


QA, AQP 
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a eae oss HHA lt , 1/2 
[O.(k, Ai = Be ais ti lee TQ aa 
se (2x5+ y')2) ke Biss e+1, >) rns sin 0 
Xs V Saye a ae 
A Wear \ Ba 2 
% ds aS 3 To. 
xexp| 10 | + | 4 ine 2AOAr—Om ZAO A+ i | (6.14) 
QAy . A;P ‘ 
h(ce+l, re)re\'/3 Rex1 7 
[Ou(k, h) mad )  R(c+1, rerot/ & 
: a (meyitl Nei Nee: V a —1 
x <i YH RO Vom |. eee 
ryns’ sin 0 
. d. | 
xexp| if rm oS inl ZA: OAr—dmsZ A:OA2 + FUl ko} 
QA, i A xP . 
(6.15) 
— 2/3 /A(c+HI, re)re 2 ee | ene 
[Oi(k, h)]1 pe Cae as / (mori +1) R(e+1, ry 1= fee, 


, Sos (28 -5) 
sake 2 2 


xexp| fof | — | 
Vk 
YA Pe. 


QAy Ag 


Va 


where [O.(€, 7)]i and [Ox(€, 7)]> 


| xe v2) HNO) / Tae li | 


Oi AAO Aa bee Oe | 


Rev 


tanto’ tantp |!/? 
v7Ns Sin O 


(6.16) 
G (6.16) 


denote the values at the poles near n=h(c+1, re)re and n= 


k(c+1, “e)’e respectively, and the meanings of the notations in the right hand side are shown 


Figs. 1~8, and 


X(t, l—1) / ; 
1 /1—u? 


X(o, o) 


V1=u? 


l-1 
F(-1, =o | du — >) vos du , (6.17) 
1 u c+4 X(o, «© —1) u 
where 
h 
x(a, t) = GoTo oo and Nl tiie > RCo Vole NU ofiaw Viste 
wos ,  Ns=Ns+10Ns . 


From the fact that / is always negative 
and the values of the angle A:OAz in the 
exponential part of the above waves are con- 
siderably different from each other, we can 
say that only the two waves [O:(/, h)]: and 
[(O.(k, k)]2 contribute to the diffracted waves, 
and the other six waves can be neglected in 
the shadow region. Thus we may say that 
there occur only the same kind of the diff- 
racted waves with that of the incident waves. 


§7 Conclusions 

The wave equations of elastic motion of an 
inhomogeneous medium can be deduced from 
the equations of motion under several as- 
sumptions The wave equation obtained is 


still rigorous, and we “separate it ‘into the 
longitudinal and transverse parts approximate: 
ly for the convenience of calculation. The 
particular solutions thus obtained are the same 
with those obtained already in the previous 
paper, where we assumed that they might be 
the solutions of the wave equations by a 
physical intuition, and we did not know even 
the wave equations in an inhomogeneous 
medium. 

Making use of these particular solutions, 
we discuss the boundary conditions at the 
continuous boundaries, where the density and 
the elastic coefficients are all continuous. As 
the mathematical properties of the wave 
functions and the various coefficients are 
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similar to those of the electromagnetic waves 
in an inhomogeneous atmosphere in the previ- 
ous paper, the same method of calculation 
can be applied and get the ray waves and the 
diffracted waves. The behaviour of the ray 
waves is almost the same with that of the 
electromagnetic waves, while the diffracted 
waves have somewhat different properties, 
because there exist two kinds of waves. 

The different kind of the diffracted waves 
from those of the incident waves are found 
to be neglisibly small as compared to the 
same kind of the diffracted waves in the 
shadow region. If we neglect the former 
waves, the properties of the diffracted waves 
are also almost the same with those of the 
electromagnetic waves. 
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In order to improve the accuracy of gas thermometry, use of a large 
bore precision manometer for pressure measurent is contemplated. The 
loss of accuracy by large dead space inherent to large bore manometer 
is covered by isolating the manometer with mercury seal in a small U- 


tube. 


Between this U-tube and the manometer an auxiliary gas bulb is 


provided with which the manometer can be set at any desired pressure. 
Thus, in temperature measurement, the manometer is first set at the 
pressure calculated for the expected temperature, then the mercury is 
withdrawn from the U-tube allowing the free passage of gas between the 
manometer and thermometer bulb. The difference in pressure, if any, 
before and after the withdrawal of the mercury is read. From this dif- 
ference, accurate gas pressure is deduced with the least worries about 


the dead space. 


Introduction 


§1. 

The determination of thermodynamical 
absolute temperature of a substance is per- 
formed by measuring a physical quantity of 
which the dependence on the temperature is 
thermodynamically established. The rela- 
tions used for the temperature determination 
are the following: (1) The clausius-Clapeyron 
equation for the phase transition between 


An example carried out by this method is shown. 


liquid and gas. (2) The Planck formula on 
black body radiation. (3) The Nyquist for- 
mula for the mean-square fluctuations in vol- 
tage arising from thermal agitation in a 
passive network". (4) The formula for the 
sound velocities in gaseous media”). (5) The 
equation of state for gases. At present, 
temperature measurement by gas. thermo- 
meters based on the formula (5) gives the 
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highest accuracy in the temperature range 
from 1°K to 1336°K. However, reduction of 


_ dead space is one of deep concerns in gas 


thermometry: the radius of manometer tube 
can not be large*’, which, contrariwise, gives 
rise to large curvature of mercury meniscus’) 
limiting the accuracy of pressure reading to 
0.01mm Hg. This has been one of the causes 
of accuracy of gas thermometry being limited. 

On the other hand, perfection of manometer 
for pressure determination has been a stand- 
ing problem at leading laboratories® of several 
countries in order to establish the pressure 
standard and to determine the steam point 
pressure and sulfur point pressure, and now, 
pressures less than one atmosphere can be 
determined with the accuracy of 0.001 mm Hg. 
In such a manometer, tops of mercury co- 
lumns must be of large diameter to have the 
main part of mercury meniscus horizontally 
flat. But when it is used in gas thermometry, 
large dead space inherent to large bore of 
manometer tube lowers the accuracy of tem- 
perature determination because of the error 
involved in the estimation of the dead space. 

Such being the case, a layout of a gas 
thermometer with a precision manometer of 
large bore was ‘contemplated. 


§2. Principle of measurement 


In gas thermometry, volume and pressure 
of a gas enclosed in a given bulb are meas- 
ured in two states of temperature, and the 
temperature of one state relative to that of 
the other is determined. The following 
method of pressure measurement by a preci- 
sion manometer can be applied to constant 
pressure gas thermometers and constant bulb 
temperature gas thermometers” as well as to 
constant volume gas thermometers; here, 
however, only the constant volume gas ther- 
mometers will be dealt with. 

2.1. Layout of the gas thermometer with a 
small dead space 

The thermometer is shown schematically 
in Fig. 1. Mercury in small U-tube U of 
glass capillary separates the gas in bulb V 
from the gas contained in manometer M in 
order to eliminate the effect of dead space 
becoming large by the use of a large bore 
manometer. 

If the volume of gas bulb V, the thermal 
expansion coefficient of the bulb material, and 
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Fig. 1. Gas thermometer with a large bore 
manometer. 
V: Main gas buib; 
Auxiliary bulb; M: Manometer; 
R,z: Reseroir; a, b, ec: Marks. 


U: Small U-tube; V: 
(Cae Kaya ee 


the volume and temperature of the gas con- 
tained in the capillary from bulb V to mark 
a on the left column of U are known with 
sufficient accuracy, then, for the constant 
volume gas thermometer, it is only necessary 
to measure accurately the gas pressures pi 
and p2 at two temperatures 7; and 7» respec- 
tively of the bulb. These two pressures can- 
not be measured directly by the manometer 
because of its separation from the bulb by 
the U-tube mercury. They are determined 
as follows. The bulb being at temperature 
T:, the ice point, the top of the mercury in 
the U-tube is first set at mark e by manipulat- 
ing the flow of mercury of reservoir Ri, and 
the pressure p is measured accurately by the 
manometer. The mercury is then raised to 
mark a and cock C: is closed. The mercury 
in the right column of U comes to mark b 
which is practically level with mark a and is 
marked. 

Thd pressure p: of the gas enclosed in bulb 
V in this state, called State I, is calculated 


from the following equation: 
v 
eae ’ 
a) 


rot Pte)? a Et 
(1) 


3 Tsv 
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where 
Vi=the volume of the gas bulb at temper- 
ature 71, 
Tw*=the temperature of gas occupying V1. 
vs=the volume of glass capillary between 
bulb V and mark a at temperature 
These r: 
Ts=the temperature of gas occupying vs, 
v=the volume of capillary between mark 
a and mark ec, 

Tmv=the temperature of gas occupying v. 

With cock Cs closed, the bulb temperature 
is then changed to 72. The mercury heads 
in U, which change, are adjusted to original 
positions a and b by letting the mercury in 
reservoir Re flow into auxiliary bulb V, or 
out of it. 

The pressure p2 of the gas in this state, 
called State II, is determined as follows. 
Since we know approximate value of the 
pressure of gas in the bulb at 72, the mano- 
meter, with cock Cs; still closed, is set at this 
pressure by manipulating the flow of mercury 
of reservoir R:, then cock C: is closed. When 
cock Cs is opened, there will be some change 
in the manometer reading. Let this revised 
pressure be #’. The mercury in U is next 
lowered to mark ¢ and the manometer reading 
is again taken. Let this pressure be p’’.** 

The gas pressure f2 in State Il is then 
obtained by the following equation: 


(Uf A 
— Aa pS fll Al le 2, 
p2=p ia pose uy? KZe) 
where 
bie i fee, (3) 
20 s sv 


* Temperatures with suffix yv mean the tempera- 

ture on the constant gas thermometer scale. 

* State I. Bulb temperature: 1,; Gas pres- 
sure: p;; Mercury heads in U-tube: mark a and 
mark b. 

State I]. Bulb temperature: 7; Gas pres- 

2; Mercury heads in U-tube: mark a and 
maar b. 

1: Gas pressure in State I, 

p2,: Gas pressure in State II, 

p: Manometer reading; mercury top in U-tube 
at mark e¢ before State I, 

p’': Manometer reading; mercury top in U-tube 
at marks a and b, manometer set at pres- 
sure expected for gas temperature 7'y,, then 
cock C3 opened, 

p'': Manometer reading; mercury top in U-tube 
lowered to mark e after State II. 


sure: 
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and 


V2=the volume of the gas bulb at tem- | 
perature Fe, ' 
T2»=the temperature of gas occupying V2, | 
v’=the volume of the U-tube between | 
marks b and e¢, 


w=the volume change in the lower col- | 
umn of the manometer caused by 
lowering of mercury in U to mark e, | 

Va=the volume of gas occupying the capil- | 
laries and V, between mark b and the 
manometer mercury surface. 


Since the pressure difference p’’—p’ in Eq. 
(2) can be made sufficiently small, the value 
of U’/U needs not to be exact; an approxi- | 
mate value of U’, and hence, an approximate 
value of Va, is all that is required which is 
calculated from 


Va p'’=(Vat Vn—Vu)p , (6) 


where 


Vm=the volume of mercury brought into 
(or taken out of) auxiliary bulb V, to 
effect the pressure change from p to 
pb’ (from State I to State II), 

Vu=the change in volume in the lower 
column of the manometer by the 
change of manometer mercury sur- | 
face. 

Vm is obtained by weighing the mercury 

of reservoir R: in State I and State II, and | 
Vu is obtained from displacement of mercury | 
surface and bore of the tube, which needs 
not to be exact. But 4/U, the coefficient of | 
pb” of the last term of Eq. (2), should be ac- | 
curate for which v, v’, and w that appear in 
Eq. (5) must be measured as accurately as 
possible despite small quantities. Volumes v | 
and v’ are obtained from bore of the capillary 
and the volume v+v’ is obtained from the 
difference in weights of mercury of reservoir | 
Ri in two cases when the mercury head is 
at mark e and when it is at marks a and b. 
The volume w is obtained from the displace- 
ment of the mercury surface and the bore 
of the tube provided the form of meniscus 
remains the same. 


Now, when the pressures f: and pz are 
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obtained by Eqs. (1) and (2), the gas tem- 
perature 72, is determined by 


V2 ar Tx» 3 (vs’/T sv’) 


= 1st = 
pi Vit Tw x (v/ Tsu) 


ae 


and the Kelvin temperature JT: is given by 
T2=T.v{1+(Bi—Be)pi} 5 (8) 
where B: and By are the slopes of pV—p 


isotherms of the gas at temperatures 7; and 
T2 respectively. 


2.2 Successive approximation method 

In the above-described process of determin- 
ing the pressure fp. in State II, the error on 
w due to the change in form of meniscus 
becomes large as the bore of tube is large, 
on which account, use of a large bore mano- 
meter lowers rather than improves the ac- 
curacy of temperature measurement. To 
make up for this drawback, successive 
approximation method for pressure measure- 
ment was applied. 

In the first step, the mercury is let into or 
out of the auxiliary bulb so that the reading 
of the manometer becomes equal to p’ given 
by 


DLO Ag=pr-U , (9) 


where 
/ 
Ne aS (10) 
4B * Vi 32 ise SS) (vs/Tsv) 
pok=pr 20 s - , (11) 
Tw Ve2tTow Ds’ /T sv’) 
and 


T2»*=the gas temperature to be determined. 
The temperature can be any one of 
the now established fixed points. 

Next, the mercury heads in the U-tube are 

lowered to mark e and the pressure p’’ is 
measured. If f2=p:*, it will be p’’=p’. But 
in general there is a small difference 6p* 
(=p'’—p’) owing to the difference between 
po and p:*. If 6p* is small, there will be 
only a small change in height of manometer 
mercury meniscus and no change in contact 
area between mercury and manometer walls. 
This markes the estimation of w a problem, 
yet there is the following relation 


op 
9 7 
where S denotes the cross-section of the 


manometer tube in contact with mercury 


w<S (12) 
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head. The factor 3 is used on consideration 
of two mercury meniscuses at the upper and 
lower column of the manometer. 

When the relation w=(Sdp*)/2 is assumed 
and used in Eq. (2), an approximate value 
p2** of the pressure f2 is obtained as 


po®* = po*¥+ XOp* , (13) 
where 
(Wipe We 
X=1+—+4+— 
ar i + T° (14) 
Siw” 
We ; 
Dien 
p2** is closer to p2 than p2*. Substituting 


this p:** for fp: in Eq. (7) and denoting the 
temperature thus obtained by T2**, we have 


Dg == Tw» ar ops ’ (16) 
where 
Vix 
30 = Ty 17 
DV a7) 


Tw** becomes closer to T2, than T2»*. 

Resetting State I and State II afresh, re- 
peating similar processes, and substituting 
Tx** for .Tw* in Eq. @), we obtain T2»*** 
which is still closer to T2, than T2**. Such 
successive approximation can be carried on 
till 6p* becomes a value which is within ex- 
perimental error, and eventually the accuracy 
of measuring the pressure ~’ determines the 
accuracy of 72. 


§ 3. 


As an example in which the preceding 
method was used, the steam point was deter- 
mined relative to the ice point by a gas 
thermometer with a large bore manometer. 


3.1. Apparatus 

Ice point and steam point apparatus used 
in this work were those used before when we 
participated in international comparison of 
fundamental temperature intervals conducted 
under the auspices of a committee belonging 
to Bureau Internationa) des Poids and 
Mesures®). Reproducibility of these tempera- 
tures is within 10-* deg. All glass parts of 
the gas thermometer are of hard glass. 
Small U-tube U, auxiliary bulb V, and mano- 
meter M (Fig. 1) are placed in a water 
thermostat at about 17°C. The U-tube is of 
0.4mm capillary, its bottom T-joint was made 
with great care for the gas passage to be 
narrow. Bore of the manometer tube where 
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the pressure is read is 4cm. The volume of 
bulb V at 0°C was determined by weighing 
the mercury that filled the bulb in vacuum. 
The thermal volume expansion coefficient of 
the bulb was obtained from the linear expan- 
sion coefficient of silica glass in temperature 
range from 0°C to 100°C which ‘is, according 
to Beattie et al.,9 0.50 10-*§ deg-!, with which 
the volume of the bulb at temperature t°C 
was obtained by 


V=146.980(1+1.86 x 10-5¢) cm$ . 


3.2. Method of determing the height of 
manometer mercury surface 

Figs. 2 and 3 explain the method. Glass 
scale S of 2mm graduation is set close behind 
the manometer tube. Scale lines s and their 
reflected images s’ are viewed through a 
microscope of 60 times magnification and 50 
cm long held nearly horizontal to bring 4 
reflected lines into the field of vision. The 
reflected lines should be neither too many 
nor too few, lest the discrimination of cor- 
respondence between direct and reflected 
images would become difficult. This means 
that the portion of the scale about 1mm 


Fig. 2. Method of measuring the height of mer- 
cury surface. 
S: Glass scale (0.2mm graduation); 
of scale; s’: Mirror image of s; 
of manometer; 


s: Image 
G: Glass wall 
M: Mercury surface, 
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Fig. 3. Image in eye piece. 
s: Image of scale; s/: Mirror image of s. 


above the mercury surface is viewed. An 
ocular micrometer divides every line interval 
into 120 equal parts, every part of which is 
further divided into 5 parts by eye estimation. 
This gave the error of +0.0020mm on the 
reading of scale S. 

As the light from the scale is not of parallel 
rays, graduation intervals of the scale that 
come into view by direct rays and by reflected 
rays will be different because of the refrac- 
tion of manometer wall by different incident 
angles. However, for the glass cylinder wall 
of 1.6mm in thickness and 20 mm in radius 
of curvature and for the field of vision of less 
than 1mm of the scale, the difference in 
viewed intervals between s and s’ will not 
exceed ly by the law of refraction. In fact, 
observation made with the ocular microscope 
gave 


s/s’ =1.004+0.006 


The height of manometer mercury surface 
was determined by the above means as re- 
presented by the center of corresponding pair 
of direct and reflected scale lines. Error in 
measuring approximately 100 mm Hg pressure 
was less than 0.004 mm Hg. 

Here it should be noted that, for the estima- 
tion of w (Eq. (5)), form of manometer mer- 
cury meniscus must always remain the same, 
for w is the product of cross-sectional area of 
the tube and displaced level distance of the 
mercury surface. Therefore, to reproduce 
the same form of meniscus every time when 
the manometer reading was taken, the 
meniscus was made to be in pushed-up con- 
dition by varying the amount of mercury in 
reservoir Rs. However, in a tube of 4cm 
bore, volume of gas that fills the space below 
the horizontal plane tangential to the top of 
mercury meniscus is estimated at 0.20 cm3.») 
This implies that even a slight difference in 
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the form of meniscus may cause uncertainty 
of the value of w. 


3.3. Results of measurement 

Nitrogen gas was used as the thermometer 
gas. The pressure p, p’, and p’’ were meas- 
ured in this order by the method of measure- 
ment outlined in Section 2, and the values p: 
and fz were calculated from Eqs. (1) and (2). 
The boiling point of water was determined 
relative to the freezing point 7)=273.15°K by 
taking, in one case, the former as State II, 
the latter as State I, and in another case, the 
order is reversed. The results obtained are 
given in the accompanying table: 
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In the calculation the following values were 
assumed: 


U=—=pe—=(), 00Acme= >) vs=0.743 cm? , 


and for the virial coefficients of gas at the ice 
and steam points 


By=—59:1« 10-5 m He-" ; 
B:=38.6X10-'m Hg"! . 

In the table, Va is the volume which would 
be the dead space if the manometer were in 
direct connection with the thermometer bulb; 
Tpoil is the temperature of steam of steam 
point apparatus at the atmospheric pressure 
measured concurrently; 4 is the difference 


Table I. Experimental data. 


mm Hg mm Hg 
yi 


mm Hg > 


mmHg cm cms DG “Ae me 4 deg 
Pp. Pp p'! Va Ww Pez Tobs Toil 4 
79.443 109.140 108.631 | 31.3 | 0.326 | 108.209 | 373.360 373.357 0.007 
80.229 110.418 109.883 | 34.6} —0.349 | 109.233 373.171 373.145 0.026 
79.994 107.202 108.097 | 33.7| 0.548 | 108.837 372.957 372.964 —0.007 
108.816 80.616 80.161 | 70.1) —0.299 | 79.747 373.334 373.353 —0.019 
Standard | 
deviation 4) O50? 
mm Hg) he mm Hg | mm Hg | 
pl! 


D1 Tviot p’ 


80.194 | 373.172 Pigosi75 | 


109.177 


Tobs—T boil: Standard deviation of 4 was 
0.019 deg which is attributed to the errors on 
manometer reading and w. 

The values obtained by the successive ap- 
proximation method are given in the bottom 
row of the table. They are free from w. 
The temperature Thioi of steam point boiler 
was calculated as 373.172°K from the meas- 
ured value 760.598 mm Hg of the boiling pres- 
sure for which the relation between the 
boiling pressure and temperature given in the 
Recommendation of 1948 International Prac- 
tical Temperature Scale (1948 I.P.T.S.) was 
used. For the verification of this value, 
pressure of the gas thermometer was set at 
f:=80.194 mm Hg in State I, and this value 
and T2»*=373.201°K. which was the value of 
Thoi1 on the constant volume gas thermometer 
scale, were used in Eqs. (9) and (11) to obtain 
p! which was found to be p’=109.177 mm Hg. 
The manometer being set at this pressure, 
p’’=109.175 mm Hg, which was then meas- 
ured, agreed with p’ within the experimental 


error of 0.004mm Hg. This also proved that 
the pressure f2 in State II agreed with p.* 
within experimental error. 

This verified that the value of Tho deter- 
mined according to the Recommendation of 
1948 I.P.T.S. was correct on the thermody- 
namic scale. In this case in which the value 
of the fixed point used was well known on 
the thermodynamic scale, use of the second 
step of sccessive approximation was not 
necessary. 


§ 4. Discussion and Conclusion 


In the above measurement, the error on 
manometer reading was 0.04mm Hg at the 
pressure of about 100mmHg. The accuracy 
of pressure measurement could not be made 
higher than this figure and the pressure could 
not be raised above 120mm Hg because of 
the manometer being placed in water ther- 
mostat. Therefore, the accuracy of gas 
thermometry in the present case could not be 
made higher than that of usual gas thermo- 


2566 


Mitsuru AWANO 


(vol. 16, *) 


metry with a manometer capable of measur- manuscript and for his valuable comments. 


ing pressures up to 760mm Hg with 0.01mm 
Hg accuracy, and the obtained result had 
error of some magnitude. 

When a gas thermometer is used at about 
100 mm Hg pressure as in the present experi- 
ment, the gas is more alike to the ideal gas 
than it is at about one atmosphere as in the 
usual case and (6:—B:)p: in Eq. (8) is small. 
Thus, the error caused by the difference!” 
between the values of virial coefficients Bi 
and B: obtained by different investigators 
will not affect the final results. In the case 
when a gas thermometer with an accurate 
monometer for low pressures, capable, for 
instance, of measuring 0.001 mm Hg or less 
at about 100 mm Hg pressure is to be used, 
the present method of measurement becomes 
applicable. It may also be applicable to the 
case when a wide bore manometer made to 
measure pressures in the neighbourhood of 
760 mm Hg with the accuracy of 0.001mm Hg 
is used. 
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A power klystron amplifier and its driver system for a 6 MeV linear 
electron accelerator are described. The klystron is evacuated during its 
running by specially designed two oil diffusion pumps connected in 
series. Without using a liquid nitrogen trap the klystron works stable 
with the peak power output of 2-3MW. The average life of the 
oxidecoated cathode was more than 500 hours. In order to keep a good 
frequency stability a feed back oscillator with an invar cavity and a 
travelling wave tube is used as a master oscillator. The output of this 
oscillator is 1-2 W at a frequency of 2759Mc, with the fluctuation being 


less than 20 kc. 


The output signal of the oscillator is amplified by a 


pulsed travelling wave tube amplifier to drive the power klystron. 


Introduction 


swe 

A 6MeV linear electron accelerator has 
been constructed for the injector of the 1 BeV 
electron synchrotron. Because of the accept- 
ance of the synchrotron, this linear electron 
accelerator is required to have very good 
energy spectrum such as a few percent at 
half width.” In order to obtain such a nar- 
row energy spread, it is necessary that the 
microwave frequency has good stability less 
than +5kc in 2759 Mc at the output power 
of 2-3MW. Magnetrons are widely used as 
the rf power source for linear electron 
accelerators, but they do not have the frequen- 
cy stability sufficient for our purpose. Then 
we adopted a klystron amplifier driven by a 
power from a travelling wave tube which 
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Fig. 1. Block diagram of the rf power system. 


amplifies the output of a travelling wave tube 
feed back oscillator. The overall block dia- 
gram of the rf power system is given in Fig. 1. 

Pumped klystrons, which have been used 
for the linear electron accelerator at Stan- 
ford,” are pumped by oil diffusion pumps 
with liquid nitrogen traps. In our case, the 
klystron is pumped by an improved oil dif- 
fusion pump without any refrigerated trap. 
Moreover, the cathode of the pumped klystron 
can be replaced by opening a flange of vacuum 
manifold, and we can get a practically new 
klystron. 


§2. The Pumped Klystron 


(a) Vacuum system 

Up to date, pumped klystrons are, as in 
Stanford, designed to be able to seal off easily 
when demensions of tubes are determined. 
Whereas, our klystron is designed as a pumped 
klystron as a final form. First of all, we 
take care to keep the cathode in good vacuum. 
The vacuum manifold around the cathode is 
10 inches in diameter, and is connected direct- 
ly to an 8 inches oil diffusion pump through a 
10 inches pipe. To obtain a good ultimate 
pressure of the pumping system and to reduce 
the back diffusion of oil, it is necessary to 
get rid of higher vapour pressure components 
in the pump oil. For this purpose, we con- 
nected two, each 8 inches and 3 inches, well 
fractionating oil diffusion pumps in series, 
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We omitted the cooling pipe at the back side 
pipe of each pump, so that the cooling of the 
main cylinder is limited to the part where 
the jet stream strikes the cylinder. As the 
result, the temperature of the back side pipe 
is moderately high (50-100°C). Under these 
conditions, the components of high vapour 
pressure will pass easily into the backing 3 
inches pump and then to the rotary pump. 
Moreover, to reduce the back diffusion of oil, 
an attention was paid to the design of the 


Table I. Indication of the bared and normal 
ionization gauge for various klystron heater 
currents. 


Heater current 0) 20 23 
A 
B.G. indication Soo Oe ORO X10 Ra TezoelO=t 
(mmHg) 
N.G. indication 2.0x10-7 3.4x10-7 3.6x10-7 


(mmHg) 
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Fig. 2. Construction of the pumped klystron 
amplifier, 
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form of the pump jet, especially of the top) 
jet. By setting the thermal shield of the top: 
jet, the back diffusion of the pump system) 
is also reduced largely.®) 

The measurement of the pressure has been) 
done by both vacuum tube type (normal)) 
ionization gauge and bared (so called high) 
speed) ionization- gauge. Because of the rapid) 
responce and good sensitivity to the condensa- 
ble gases, we use the bared gauge mainly, 
and for the convenience of comparison to 
other data, we use the normal ionization gauge | 
too.) Results of the measurement at room| 
temperature of 20°C are shown in Table 1. | 

The operation of the vacuum system is| 
almost continuous and it is stopped only from | 
Saturday afternoon till Monday morning. 
When the pump is stopped, the pressure 
increases gradually to 1x10-’mmHg in one 
and a half day by outgassing from walls. | 
But it takes only two hours to reach the 
pressure below 210-*mmHg from the start 
of the pumping system. A carefully designed 
control and interlock system defends the 
klystron and vacuum system against any 
accidental failures. 


(b) The conversion and performance of the 
oxide coated cathode 

The behavior of the oxide coated cathode 
in an continuously evacuated system has been 
reported by several authors.» It is shown | 
that the oxide coated cathode can be used | 
under some considerations. But all their | 
pumping systems have some kinds of the 
trap such as liquid nitrogen trap, alumina 
trap or any other refrigerated trap in addi- 
tion to the oil diffusion pump. If we could | 
get the stable electron emission from the | 
oxide coated cathode without using any cold 
trap by improving the oil diffusion pump, the | 
treatment of the pumping system would | 
become very simple. We attempted to 
eliminate the use of any cold trap by use of the 
pumping system described before. 

The cathode of the pumped klystron is 65 
mm in diameter. The base metal is made 
of pure nickel with magnesium as a reducing 
agent and a fine nickel mesh spot-weldered 
on it. The cathode is painted with the con- 
ventional oxide material (BaCO:, CaCOs, SrCOs‘ 
ternary compound) suspended by collodion 
binder. The current density is about 2-3 A/ 
cm?’ at the maximum rating of the klystron. 


| the heater current, heater 


: 
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| the cathode surface. 


_The design considerations on the cathode 


heater are as follows: (1) uniform heating of 
(2) long life of filament. 
(operating temperature of the filament is below 
2000°C) (3) the filament current less than 


25 A since it is desired to use no autotrans- 
former at the high potential terminal of the 


pulse transformer. The non-uniformity of the 
cathode is kept within 3-5°C at 900°C, over 
the cathode surface. The relations between 
temperature, and 
cathode temperature are shown in Fig. 4. 


s00W 


1500°C 600W 


15 17 19 2! (3) 25 
heater current (Amp) 


Fig. 4. Heater wattage, heater temperature and 
cathode temperature vs heater current of the 
klystron amplifier. 


The conversion process of the cathode is 
not the same as in that of an ordinary seal 
off vacuum tube. In the earlier stage of our 
work, many of the cathode had very poor 
emission in spite of careful processing in 
good vacuum condition. Such a cathode 
changed its colour to gray or black, when 
we took out from the vacuum system. This 
was caused by the incomplete combustion of the 
collodion binder. In the ordinary seal off vacu- 
um tube fabrication system, the conductance 
of the pipe is very small, so the atomosphere 
of the cathode is full of carbon dioxide 
gas at the conversion process, The pure 
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carbon, which is produced from the collodion 
binder by the incomplete combustion, is then 
oxidized into carbon monoxide and is removed 
from the cathode. In our case, the conduc- 
tance of the vacuum manifold around the 
cathode is very large, so that the pressure 
of carbon dioxide can be low and the pure 
carbon can not be oxidized and remains on 
the surface of the cathode. This hinders the 
electron emission. In order to avoid this 
impediment of the incomplete combustion of 
collodion binder, we must raise the cathode 
temperature up to the conversion temperature, 
850°C, as quick as possible, so as to get high 
partial pressure of carbon dioxide gas during 
conversion process. By this process, we can 
obtain a good converted cathode everytime. 

When the conversion of the cathode is 
finished and the vacuum around the cathode 
become sufficiently good, about 5x10-'mmHg 
or lower, we impose the d.c. voltage of 1000 
volt as a check of the emission and the 
perveance. Then we increase the d.c. beam 
voltage up to 3000 volt and get the beam 
current of 100-300mA. By this beam current, 
the degassing of the klystron cavities and 
the collector are done. The pressure in- 
creases up to 1x10-*mmHg by out gassing of 
cavity wall and after six to eight hours, the 
pressure resumes to 2-310-*mmHg, then we 
cease to impose the beam voltage. Thus, the 
preparations for adding high pulse beam volt- 
age are all over. 

Because the activity of the oxide coated 
cathode in the pumped klystron is rather poor 
in comparison with the sealed off tube, the 
cathode must be used at a rather high tem- 
perature. The cathode temperatre must be 
raised higher as the beam voltage increases, 
in order to operate the cathode in the space 
charge limited region. If the cathode tem- 
perature becomes high, barium and barium 
oxide evaporate and emission of the oxide 
cathode becomes poor. The life of the cathode 
is determined by (1) ion bombardment, (2) 
flaking of the cathode surfaces by recombina- 
tion dissociation cycle of barium hydrooxide, 
and (3) selective evaporation of the most 
emissive compound barium oxide by raising 
the cathode temperature. Fortunately, all of 
these effects are not serious under the vacuum 
condition of our pumped klystron. The mean 
life of the cathode is not exactly given, but 
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it is at least more than 500 hours. 
(c) Operation of the pumped Rlystron 

After the preparations for imposing high 
pulse beam voltage are all over, we operate 
the klystron by increasing the pulse beam 
voltage. When we raise the beam voltage, 
we must check the discharge occurred in the 
klystron by the pressure indication near the 
cathode and by the emission current varaition. 
We need about 30 minutes to raise the beam 
voltage up to 150kV. Then the rf driving 
power is fed and further outgassing is ob- 
served, though this is cleaned up quickly. 
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Fig. 5. Klystron peak power output and beam 
current vs beam voltage. 


Measurement of the power has been done 
by a well calibrated directional coupler and 
using a thermister bridge power meter. We 
adjust the resonant cavites and focussing 
coils so as to get the maximum power output 
at the given beam voltage. After the abjust- 
ment, the klystron operates very stable all 
day long. Operation characteristics of the 
klystron are shown in Fig. 5. 


§3. Pulser and Pulse Transformer 


The pulsed high voltage for the klystron is 
produced by an ordinary line type pulser and 
a pulse transformer.” The hydrogen thyra- 
tron 5948 is used as the switching tube and 
the primary pulse voltage is 12.5kV. This 
primary voltage is stepped up to 160kV_ by 
a 13:1 pulse transformer. To obtain a good 
pulse shape, we use a specially designed cable 
of 400 meters in length as the pulse forming 
line which has the characteristic impedance 
of 15 2, 
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Table II. Character of the klystron amplifier 


Operating frequency 2760 Mc +30 Mc 
Operating beam current 150 kV 
Operating beam current 60 A 
R. F. power output 3 MW 
Pulse repetition rate 21.5 cycles 
Pulse duration 4 usec 
R. F. power gain } 40 db 

500 W 


Heater power 


| 
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Table III. characteristics of the pulse transformer 
for the klystron amplifier 

Primary windings 5 turns 

Secondary windings 65 turns 

D.C. bias windings 2 turns 

Monitor winding 1 turn 

Primary impedance 15 2 

D.C. bias current 10A 

Secondary bifilar current max. 25A 
0.1mm thick grain 

Core material oriented silicon 
steel 

4B 1.5 Wb/m2 

Ve 3000 

A (cross section of the core) 99cm? 

Window size 12x15 cm? 

Peak output voltage 150 kV 

Droop 1.5% psec 

Rise time 0.3 psec 


AB-with 
OC. bias current 


Fig. 6. A hysteresis curve of the core material. 


| 


| 
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The pulse transformer, with the step up 
ratio of 13:1, uses the d.c. bias method. 
As the imposed primary pulse voltage is 
unidirectional, the usable region to the core 
without the d.c. bias is limited only to the 
hatched region of Fig. 6. 

In other cases, the effective region of the 
core would be increased by making air gap 
in the magnetic path or improving the core 
material so as to have large usable region. 
This, however, can be achieved at the sacri- 
fice of the high permeability of the core, and 
as the result the characteristics of the pulse 
transformer become bad. On the other hand, 
both large 4B and high pcan be obtained by 
d.c. bias method, and we can get a pulse 
transformer which has such good characteris- 
tics as table III. 


$4. Driver System of the Klystron Amplifier 


(a) Master oscillator 

As the frequency stability of the rf power 
system is mainly determined by the frequency 
stability of the master oscillater, we must 
take care of the selection of the master oscil- 
lator unit. Toshiba model 7851 travelling 
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Fig. 7. Frequency stability of the travelling 
wave oscillator. 
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wave tube is used as an oscillator, by feeding 
back to the input from the output of the tube 
through a directional coupler and a_ standard 
cavity resonator. The main causes of frequ- 
ency instability are the drift of the resonant 
frequency of the cavity by temperature varia- 
tions and heating up of the helix of the 
tube.“ The former can be avoided by using 
a small expansion coefficent material, invar, 
as cavity walls. The measured temperature 
dependance of the resonant frequency of the 
TEu: mode is about 2.7kc/deg, and it is 
agreed with the calculated value of 2 kc/deg. 
The next problem to get the stable operation 
is to obtain the good electron beam trans- 
mission of the tube. The operation of the 
travelling wave tube becomes unstable due 
to the heating of the helix if the transmission 
is poor. To avoid such trouble, we have set 


Table IV. Characteristics of 7850 travelling 
wave tube amplifier 


Beam voltage 


7kV 
Beam current 0.7A 
Pulse duration 5 psec 
Pulse repetition rate 21.5 cycles 
25 db 


Power gain 


Fig. 3. Cathode and heater mount. 


Fig. 8. Microwave pulse rectified by a crystal 
detector. Upper trace for the travelling wave 
tube amplifier; lower for the klystron amplifier. 
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an equalizer in the focussing permant mag- 
net“ and made the axis of the magnetic field 
so as to coincide with that of the travelling 
wave tube. Then we can obtain the trans- 
mission of 95%. Although the maximum 
transmission does not always correspond to 
the maximum power output, we adjust the 
apparatus to the maximum transmission in 
order to get the stable operation. 

The microphonic noise, which is mainly 
caused by the vibrations due to the synchro- 
tron magnet, also brings the bad effect to the 
stable operation. We set the oscillator in the 
main control room, about 10 meters apart 
from the synchrotron room, to reduce this 
effect. Unidirectional waveguide is used at 
the output of the oscillator, so as to avoid the 
long line effect of the waveguide. With such 
a caution, we get 1-2 watt power output at 
2759 Mc with the frequency fluctuation less 
than 10 kc. 


(b) Buffer amplifier 

To amplify the output power of the oscil- 
lator to 200-300 watts, which is sufficient to 
drive the klystron, we use a pulsed travelling 
wave tube amplifier. The typical characteris- 
tics of this travelling wave tube amplifier are 
shown in table IV. 

The pulser of this amplifier is also an 
ordinary line type pulser. The hydrogen 
thyratron 5C22 is used as the switching tube 
and RG-8U coaxial cable of 500 meters long 
is used as a pulse forming line. Because the 
cable has the characteristic impedance of 
532, a dummy load is connected in parallel 
to the travelling wave tube so as to get good 
impedance matching. The photograph of the 
oscilloscope’s pattern of the microwave pulse 
rectified by a crystal detector is given in Fig. 
8. 


§5. Overall Operation of the rf Power 
System 


As previously described, the frequency 
stability of the rf power system is determined 
mainly by the frequency stability of the 
master oscillator. The instability within 20 kc 
per day can be obtained, satisfying the design 
requirement of +50kc.™ Power output of 
the master oscillator is 1-2 watt, and it is 
sufficiently large to drive the amplifier travel- 
ling wave tube. Since the klystron amplifier 
and the travelling wave tube amplifier are 
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used at the nearly saturated level of the | 


driving power, the power output change of J, 


the klystron amplifier is mainly caused by | 
voltage variations of the pulsed power supply. 
This is influenced by the linear droop of | 
the pulsed beam voltage and variation of the 


IW ew 


Fig. 9. Input power vs output power of the 
klystron and travelling wave tube amplifier 


d.c. supply voltage. As was shown in Table 
III, the linear droop of the pulse wave form 
is within 1.5%/usec. As for the primary 
d.c. voltage, variations of about 5% were 
observed by the change of line voltage at the 
time of starting and stopping of the cyclotron 
in our Institute. Further improvement of the 
stability of the d.c. voltage will be given by 
using a vacuum tube type voltage stabilizer 
in near future. 

The output power of the klystron feeds 
through the rectangular waveguide and the 
microwave coupler into the accelerating tube. 
As the attenuation of the accelerating tube 
is about 3db, a half of the input power goes 
into the end of the accelerating tube. The 
remaining power goes down into the micro- 
wave high power dummy load through a 
microwave coupler at the end of the accelerat- 
ing tube. A portion of the microwave power, 
which is branched by a 20db directional 
coupler, is fed into the prebuncher cavity 
through a phaseshifter and an attenuator. All 
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of the high ef power systems are used in 
vacuum, the pressure of which is kept below 
1x10-*mmHg. The V.S.W.R. of these high 
power microwave circuits is below 1.1. 

The power of the system is monitored by 
both the thermister bridge average power 
meter and the oscilloscope’s pattern of the 
microwave pulse rectified by a crystal detector. 
The check point of the rf power are both at 
the input and output side of the accelerating 
tube. Using a well calibrated 40 db directional 
coupler, we measured average microwave 
power under duty cycles of 8x10-°. The 
observation of the microwave pulse wave 
form is a convenient method for both monitor- 
ing the beam loading of the microwave power 
and the timing relation between the pulses of 
electron beam and klystron output. 


§6. Acknowledgements 


The author wishes to express his sincere 
thanks to Professor H. Kumagai for his help- 
ful discussions and continuous encouragement 
for the present work. He is also grateful to 
professor T. Nishikawa for his guidances from 
the experimental aspects, and to Mr. J. 
Tanaka, Mr. G. Horikoshi, Mr. H. Baba, Mr. 


Pumped Klystron and RF Power System for Injector Linaé 


2573 


K. Ishii, Mr. I. It, Mr. K. Kobayashi and all 
member of the synchrotron group, for their 
helpful cooperations and discussions. 

He further appreciates their kind cooper- 
ations of Dr. Y. Aiura and Dr. K. Kakizaki 
of Tokyo Shibaura Electric Co., Ltd. in the 
practical design and the construction of the 


pumped klystron and the travelling wave 
tubes. 


References 

1) T. Nishikawa et al.: 

(1961) 1817. 
2) M. Chodorow et al.: 
134. 
3) G. Horikoshi et al.: INSJ-27. March 14, 1960. 
4) G. Horikoshi and A. Miyahara: J. Vac. Soc. 
Japan 3 (1959) 13. No. 1. (Japanese) 
5), GaeAe tidasvandejembee Jensenan) ia: 
Instr. 28 (1957) 1007. 
6) L. A. Harris:~ Rev. Sci. Instr. 31 (1960) 903. 
7) G. N. Glasoe and J. V. Lebacgz: ‘‘ Pulse 
Generators’’ M.I.T. Radiation Laboratory 
series, Vol. 9: 
8) T. Nishikawa et al.: INS Report 28, 1961. 
9) K. Ishii and A. Miyahara: INSJ-39. 


10) M.S. Glass: Proc. Inst. Radio Eng. 45 (1957) 
1100. 


J. Phys. Soc. Japan 16 


Rev. Sci. Instr. 26 (1955) 


Rev. Sci. 


JoURNAL oF THE PHYSICAL SOCIETY OF JAPAN, Vol. 16, No. 12, DECEMBER, 1961 


The Discharge Chamber and Its Characteristics 


By Shuji FUKUI 
Physical Institute, Nagoya University, Nagoya, Japan 


and Sigenori MIYAMOTO 


Department of Physics, Osaka City University, Osaka, Japan 
(Received July 27, 1961) 


The discharge chamber is one of the particle detectors which are based 


on gaseous discharge. 
particle tracks. 


gas mixture at atomospheric pressure. 
other characteristics are presented and discussed. 


§1. Introduction 

New particle detectors which are based on 
gaseous discharge have been developed, such 
as the “hodoscope chamber” and _ the 
“triggered spark counter”). After the short 
report on the “ discharge chamber ” ®)*, several 
investigations have been performed on this 
instrument* and the chamber named as 
“spark chamber” is now widely used as the 
track detector in experiments of the cosmic- 
rays®) and the high energy machine physics”. 

The discharge chamber described here is 
the same as the one reported in I and consists 
of glass boxes filled with a mixture of neon 
and argon gases at atmospheric pressure. 
Preliminary data on the characteristics of 
this chamber were presented in I. The dis- 
charges showing particles’ trajectories are 
those which developed from electrons ejected 
by ionizing particles. The discharge chamber 
has advantages in working dependably for 
a group of particles and in obtaining the 
precise traces of particles. The track of the 
particles can be obtained as the stereoscopical 
photograph or as the projected one on the 
plane of electrode. For obtaining good tracks 
it is essential to decrease the time duration 
of the applied electric pulse to about 10~’ sec. 

In this report, firstly, the operating condi- 
tions and other characteristics of the chamber 
are presented in §3. Next the characteristics 
of the chamber are discussed in §4. Some 
features of pulsed gaseous discharges occured 
in the chamber are also discussed. 


$2. Preparation of the 
arrangement for the test 
The chamber consists of glass boxes filled 


chamber and 


* Hereafter reference 3) is quoted as I. 


The chamber can give a visual indication of the 
It consists of glass boxes filled with neon and argon 


The operating conditions and 


. 


with a mixture of neon and argon (Ne+0.5% A) | 
The quantity of | 


at atmospheric pressure. 
argon was confirmed by the mass-spectroscopic 
analysis. The mixture of neon and argon was 
used to decrease the required intensity of the 
pulsed electric field*. The inner size of the 


box used for the test was 8.5cm 13cm xX1cm | 
or 2cm. Ordinary window glass plates (2mm | 
thick) or borosilicate glass plates (0.6mm | 
thick) were used for the two large opposite | 


planes (to which the high voltage pulse was 
applied). The other sides of the box were 
made of ordinary window glass plates. No 
significant difference was observed between 
the characteristics of two boxes using different 
kind of glass. Before the box was assembled, 
the glass plates were washed with a chromic 
and sulphuric acid solution. Then these plates 
were glued together with Araldite adhesives. 
A short capillary glass tube was furnished to 
the box as a filling tube. 

On account of the lack of mechanical 
strength, the box cannot be evacuated directly. 
The glass boxes were placed in a large 
metal chamber. After the metal chamber 
was evacuated, the chamber was filled with 
a mixture of neon and argon at atmospheric 


* The breakdown voltage is minimum in the 
mixture of Ne+0.2% A because of so-called Penning 
effect and the value of the breakdown voltage is 
almost constant even the percentage of argon 
changes arround the value of 0.2%. But, recently, 
one of us (S.F.) and his collaborators found that 
the mixture of Ne+0.2% A give a minimum break- 
down voltage only when the d.c. or continious 
high frequency electric field is applied but the 
breakdown voltage becomes minimum in the mixture 
of Ne+~10%A when the pulsed field of very short 
duration is applied. 
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High Voltage 
Pulse Generator 


Discharge Chamber 4 fold 


Coincidence 


Fig. 1. The experimental arrangement for the test. 


(b) 


Fig. 2. Examples of photographs taken with the discharge chamber. 
(a) 1cm depth box. Hpeax=10kV/lcm. taelay=1 psec. 
(b) 2cm depth box. Hpeax=13kV/2cm. taetay=1 psec. 
The left side is a view of the discharge columns seen through a side plate. 
This is the reflected image obtained by a mirror. 
pressure. Then the glass boxes were taken metal plates or conductive glass plates (Nesa) 
out and the capillary glass tubes were sealed were used and the box was held between 
off with a torch. these electrodes. We also constructed a box 
As the electrodes of the discharge chamber, in which one of the two large parallel planes 
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was made of a conductive glass plate whose is easy to take the stereoscopic photographes. 
conductive surface was on the outer side of The example is shown in Fig. 3-botl: 
the box. The photographic film was Fuji Neopan SSS 
The experimental arrangements are schema- and developed using Fuji Pandol for 40~60 
tically shown in Fig. 1. The G-M counter minutes. The /f stop of the lens was 2.8 
telescope gives a coincidence pulse when an and the distance between the camera and 
ionizing particle goes through the chamber. the chamber was about 120 cm. 
This pulse triggers the high voltage pulse : 
generator after passing the gate circuit. The 
gate circuit was employed to reject coinci- 3.1 The operating conditions 
dence pulses during the recovery time of the The appearance of the discharges showing 
whole instrument. The circuit of the high the trajectories of particles depends essentially 
voltage pulse generator is the same as that on the duration of the pulsed electric field 
shown in I. The high voltage pulse has an and its peak value. The relation of the 
exponential shape with a time constant defined features of the discharge to the peak value 
byn@aandeh. of the applied electric field is shown in 
Two types of arrangements of the chamber Tables Ia and b for the value of CR=10" 
are adopted, designated A and B. In A, sec. From these tables it can be seen that 
the discharges are photographed through the to operate the discharge chamber properly, 
conductive glass plates and the tracks thus 13~15kV/2cm is required for the chamber 
obtained are those projected on the plane of of 2cm depth and 8~10kV/lcm for the 
the electrodes. Examples of photographs are chamber of 1cm depth. 
shown in Fig. 2. In B, the discharges are When the pulse of CR=10~* sec was applied 
photographed through the side plates, and it to the chamber of 2cm depth, good results 


§3. Characteristics of the discharge chamber 


Table I-a. The features of the discharge occurred in the discharge chamber of 2cm depth 
with various values of the intensity of pulsed field. (C=0.001 uf, R=100 a) 


Applied field 


(peak value) WkV/2em 12kV/2cem 13 kV/2 cm 14kV/2 cm 15 kV/2 cm 
Appearance of None | Tracks are Tracks are Clear ice 
the track | visible but clear. | 

| faint. 


Discharge oc- | Discharge oc- Discharge oc- Discharge oc- Discharge oc- Discharge occurs 


curred in other | curs rarely | curs at the curs at the curs at the. at the border of 
places than the | at the border border of the border of the border of the the box. Faint 
track. | of the box. box. | box. _ box. | glow discharges 


| Occur in the 
| _whole space of 
| | the box. 


No discharge occurs in the boxes through which no cosmic ray particles pass. 


Table I-b. The features of the discharge occurred in the discharge chamber of 1 cm depth 
with various values of the intensity of pulsed field. (C=0.001 uf, R=100 Q) 


Applied field | | | 


(peak value) | 6kV/1 cm 7kV/1 cm 8kV/1 cm | 10kV/1 cm 
Appearance of the | None Tracks are | Tracks are clear. | Clear 
track visible but 

faint. 


Discharge occurred | No additional | No additional Discharge does not o : i 
in other placesthan , discharge discharge at the order of the Boe BO ae 
the track. occurs. occurs. Very faint glow discharge | border of the box 
occurs in the whole space | Faint glow discharges 
of the box in which dis- | occur in the whole 
charge showing the trace | space of the box. 

of the particles occurs. 


| 1961) 


can be obtained only with the peak voltage 
of 8kV/2cm. Even in this case, additional 
glow discharge occurred throughout the box. 
When the intensity of the field was increased 
to 9kV/2cm, the whole volume of the chamber 
was dotted with discharge columns and the 
track could not be recoginized. When the 
intensity of the field was decreased lower 


_ than 8kV/2 cm the discharge columns showing 


the particle’s path could not be observed. 
It is concluded from these results that 


when the value of CR=10-‘sec is adopted 


the satisfactory results can be obtained with 
rather wide range of the intensity of the 
pulsed electric field and that the value of 
10-* sec is not suitable for the safe operation 
of the discharge chamber. 

When the lcm box was filled with pure 
argon gas at atmospheric pressure, the row 
of discharge columns showing the particle’s 
path could be photographed when the peak 
value of the pulsed field was increased to 38 
kV/cm using the time constant of 10-‘sec. 
Since such a high intensity of the electric 
field is not suitable for practical use, we did 
not test the argon filled chamber in more 
detail. Hereafter the time constant CR has 


Table II. 


The Discharge Chamber and Its Characteristics 


2577 


been fixed at the value of 10-7 sec (C=0.001 pf, 
Tee OOK): 
3.2. The lateral displacement of the discharge 
columns 

The lateral displacement of the discharge 
columns obtained with the arrangement A 
was examined with various delay times for 
the application of the pulsed electric field. 
The results are shown in Table II. The delay 
time means the time between the instant of 
the passage of the particles and that of 
application of the pulsed field. The width is 
such that within which 80% of the centers 
of the dischange columns are contained. The 
width of the discharge columns increases with 
the delay time. 
3.3 The number of discharge columns and 

their sizes 

The number of discharge columns along 
the path of the particle corresponds to the 
drop density of the cloud chamber tracks. 
Table III presents the average values measured 
under the various conditions. The average 
sizes of the columns are also shown in the 
table. These values may depend on the 
photographic conditions, that is, on the trans- 
parency of Nesa, the f stop of the lens and 


The lateral displacement of discharge columns with various delay times of the application 


of electric field. The value is the width within which 80% of the centers of discharge columns 


are contained. 


Field Intensity cei ee pen) 
Kind of box (peak-value) SS 
P 1 psec | 6 sec 10.5 wsec 
2cm depth 13 kV/2 cm 1.74+0.2mm 3.9+0.4mm 4.6+0.7mm 
lcm depth 10kV/1 cm 1.4+0.3mm 4.0+0.4mm 
Table IJ]. The number of discharge columns per unit length along the path 
of the particles and their size. 
, | Field intensity | | eee 
Kind of box | (peak value) 13kV/2 cm 13 kV/2 cm 13 kV/2 cm | /2cm 
Delay time 1 psec 6 usec 10.5 psec | 1 psec 
2cm depth Number of columns per cm IROEEORS 2.2+0.4 Dee Ota eee 21. Oris Ou 
Diameter of column (mm) TS 2057 | 2.0+0.4 
: Field intensit 
Kind of box Pe Teena HIRES Sigel SC (STG A 
Delay time 1 psec 1 psec 6 psec 
lcm depth Number of columns per cm 2.4+0.3 2.640.4 2,640.3 
Diameter of column (mm) | 1.3+40.4 1.440.3 | 
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the condition of development of films. The 
number of discharge columns per unit 


path length shows a tendency to increase with 
the delay time. It also increases with in- 
creasing intensity of the pulsed electric field. 
The diameters of discharge columns fluctuate 
greatly, especially in the 2cm, box. The 
fluctuation in diameter is somewhat smaller 
in the 1cm box. 


3.4 The slanting discharge 

When the path of ionized particle and the 
direction of electric field form a large angle, 
a row of many discharge columns occurs 
along the path of a particle as in case of the 
arrangement A, and in this case the axis of 
the discharge column is parallel to the direc- 
tion of the electric field. When the angle is 
small as in case of the ararngement B, only 
one discharge column occurs along the path 
of the particle and its axis coincides with 
the direction of the particle’s path as shown 
shay LENKS23 Soy ONE IIe 

The probability of the occurence of these 
tracks is shown in Table IV. The chamber 
used for the test is 2cm in depth and the 


Table IV. The probability of the occurrence of the 
slanting discharge. @ is the angle between the 
path of the particles and the direction of the 
applied electric field. 


>30° 


Angle (9) | <15® =| 15% <9<30° 
Probability of 
occurrence of " ‘ | : 
slanting dis- ~100% ~10% ~0% 
charge | 


intensity of the applied electric field is 14 
kV/2cm. The paths of particles were con- 
firmed by a hodoscope chamber. When the 
angle is smaller than 15° almost all photo- 
graphs show only a single discharge column 
and its axis is on the path of the particle. 
When the angle is larger than 30° almost all 
discharge columns have branches or there is 
more than one column. 
3.5 The sensitive region 

To investigate the region where the “seeds ” 
produced by an ionizing particle could give 
rise to discharge columns (the region will be 
called the sensitive region), the discharge 
chambers were arranged as shown in Fig. 3. 
Four boxes were used for the test and two 
boxes were put above and below to indicate 
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Fig. 3. The arrangement to investigate the sensi- 
tive region of the discharge chamber. Two 
boxes are set above and below the other four 
boxes to indicate the path of the particles. 


the particle’s path. By the aid of the mirror 
the tracks were photographed from two 
derections, that is, parallel and normal to the 
electric field. Comparing the path length of 
the particle in the box with the region where 
discharge columns developed, the sensitive 
region of the chamber was estimated. In 
case of 2cm box with 15kV/2cm, the sensi- 
tive region was estimated to be 70+10% of 
the depth of the box. Large fluctuations in 
this value were observed. 

The probability of occurrence of the dis- 
charge columns seems to be larger in the 
region near the negative electrode than near 
the positive one. The sensitive region may 


vary with the intensity of applied electric 
field. 


3.6 The sensitive time 

The sensitive time is the interval between 
the time of the passage of the particle and 
that at which the delayed application of the 
high voltage pulse can give the row of the 
discharge columns recognized as the track. 
When the chamber was operated in arrange- 
ment A and applied the pulsed electric field 
at 10.5 ysec after the passage of a particle, 
almost all of the photographs did not show 
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longtracks but short diffused ones. There- 
fore the sensitive time of the chamber is 
expected to be of the order of 10 wsec. 


3.7. The recovery time 

When a discharge occurs in the chamber, 
‘many ions and electrons are produced. If a 
pulsed electric field is reapplied within some 
interval of time after the occurrence of the 
‘discharge, a spurious discharge takes place. 
The longest interval of the time within 
which spurious discharge still occurs will be 
called the recovery time. For investigating 
this interval of time, pulsed electric fields 
‘were applied periodically while the chamber 
was being irradiated by 7 rays from Co®. 
If the “seeds” of discharges produced by a 
former discharge still remain at the instant 
‘of the next application of a pulsed field, the 
number of discharge columns is expected to 
‘be increased with time. 

When the pulsed field was applied to the 
lcm box at the rate of 4.4 pulses/sec, the 
number of discharge columns increased if 
the peak value of the field was greater than 
12kV/1cm. When the rate was increased to 
‘12 pulses/sec, the critical intensity decreased 
to 9kV/1lcm. From these results, it may be 
-concluded that the recovery time depends on 
the intensity of the pulsed electric field and 
‘the order of magnitude is 0.1~0.2 sec. 

The above result was supported by the test 
‘using cosmic ray particles. The first appli- 
cation of the pulsed field was triggered by 
cosmic ray particles passing through the dis- 
charge chamber, and the second was applied 
0.2sec after the first pulse. The two dis- 
charges were photographed separately and 
were compared. When the pulses of 10kV/ 
1cm for the 1cm box and 13kV/2cm for the 
2cm box were applied, it was verified that 
there were no discharges produced by the 
second pulse. 


§4. Discussions of the characteristics of the 
discharge chamber 
41 On the lateral displacement of discharge 
columns 
As the cause of the lateral displacement 
of discharge columns, the diffusion of the 
“seeds” of discharge columns will be con- 
sidered. At first the electrons ejected from 
atoms by the incident particle are assumed 
as the “seeds” of the discharges and their 


The Discharge Chamber and Its Characteristics 


2979 


diffusion from their initial places will be 
estimated. After a time ¢, their distribution 
is given by 


— No 4” 
nx, D7 ee exp ( eae) 5 


ee i Di)dt , 
0 


(1) 


(2) 


where m is the number of ejected electrons 
per unit length along the path of an incident 
particle at ¢=0; m(x,t) is the density of 
electrons at x after tsec. D is the diffusion 
coefficient for the electrons, which depends 
on the energy of the electrons. At the instant 
of the ejection the mean energy of the 
electrons is larger than thermal energy and 
then the electrons lose their energy through 
collisions. Therefore the coefficient D is a 
function of time. From Eq. (1), the width b, 
within which 80% of electrons are contained, 
is expressed as 


+b/2 
| n(x, t)dx=0.810 , (3) 
—b/2 
then 
b=1.8/4x)2=3.6V/ x52 - (4) 
The results thus obtained are in good 


agreement with the experimental values and 
are shown in Fig. 4. The computed result is 
almost the same as the value computed using 
the constant diffusion coefficient for thermal 
electrons. 

As the diffusion width for ions or atoms is 
two orders of magnitude lower than that for 
electrons, it may be concluded that the lateral 
displacement of discharge columns is mainly 
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® Fig. 4. The comparision between the calculated 
and observed values of the lateral displacement 
of discharge columns. 
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due to the diffusion of electrons. The result 
also shows that electrons can be the “ seeds ” 
of discharge columns. The above fact does 
not exclude ions from functioning as the 
“seeds” of discharge columns. But if ions 
can act as “seeds”, in the case of a delay 
time of 10.5 usec there must ‘be a row of 
discharge columns of narrow width at the 
place where the electrons have been lost by 
diffusion to the walls. Such a discharge, 
however, could not be found in any photo- 
graph. Thus it is concluded that the “seeds” 
of discharge columns must be only the 
electrons ejected from atoms by incident 
ionizing particles. 

When the lateral displacement of discharge 
columns is measured, the time which elapsed 
from the instant of passage of the incident 
particle to the time of application of the 
pulsed electric field may be estimated with 
an accuracy of a few psec. 


4.2 On the number of discharge columns 

The number of discharge columns is one 
order of magnitude smaller than the number 
of the ejected electrons expected from the 
ionization processes of the fast particles. In 
order to explain the discrepancy between 
these values, the following reasons may be 
introduced. 

1) The number of free electrons has 
decreased rapidly owing to recombination or 
negative ion formation. 

2) Discharges can be initiated from the 
highly ionized region only. 

3) The development of the discharge 
fluctuates and the electron avalanche which 
has grown in advance of the others disturbs 
the external field because of its space charge 
and consequently restricts the development 
of other avalanches in its neighborhood. 

Considering these possibilities, it must be 
noticed that the observed number of discharge 
columns per unit track length has a tendency 
to increase with delay time as shown in 
Table III. If the number of electrons has 
rapidly decreased owing to recombination or 
negative ion formation within the time of 
about 1 sec, the number of discharge columns 
can not be expected to have a tendency to 
increase with delay time. If the discharge 
can be initiated from the highly ionized 
region, these regions must diffuse out with 
time. Thus it seems that the reasons 1) and 
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2) can not explain the discrepancy between} 
the number of discharge columns and that of 
the electrons ejected by the incident particles. | 

The reason 3) is related to the development: 
of discharge. At the beginning of the dis- 
charge, the development of the electron 
avalanche fluctuates®, and some advanced | 
avalanches may restrict the development of 
other neighbouring ones by their space charge 
field. After the advanced avalanche has. 
grown toa discharge column, the neighbouring 
ones cannot grow further because of the 
decrease of the electric field near the dis- | 
charge column: The tendency for the number | 
of discharge columns to increase with delay | 
time may be understood as being due to the 
increase of the spread of the electrons, so 
that fewer electron avalanches are restricted 
by the advanced one. 

Let us estimate this effect over the number 
of discharge columns. If it is assumed that. 
within a certain distance 27s from a discharge 
column, slowly developed electron avalanch 
can not develop to the discharge column, the 
number of the discharge columns per unit track 
length is nearly proportional to (27s+0)/zrs?, 
where 0 is the region within which seeds of 
the discharge remain and may be given by 
Eq. (4). Because in this case the circum- 
stance is similar to the case that cylinders of | 
radius 7s are filled in the space of area 
(2rs+b)Xunit length. Thus the ratio of the 
numbers of the discharge columns at different. | 
delay times ¢, and ¢, may be shown as 


nite) _ 2rs-+b(ta) 
Mtoe)  2rs+D(to) 


when the values of x(t) obtained experiment- 
ally and the values of Od(¢) caluculated are | 
inserted in the formula, 7; is obtained as. | 
about 0.2~0.3cm for 2cm box. For lcm | 
box, 7s is obtained as >0.2cm. These values. | 
are consistent with that expected from the | 
number of discharge columns per unit track. | 
length. Thus it seems possible that the | 
number of discharge columns is restricted by 
the space charge field produced by the dis- | 
charge. | 


4.3 On the sensitive time 

The sensitive time of the chamber depends: ! 
on the life of the electrons ejected by the | 
incident particle. It can be considered that. | 
the loss of electrons is due to free diffusion. _ 


1961) 


t= (OE SEC 
--~- 3 t=30usec 


O 02 04 
xX, (cm) 


| Fig. 5. The probability that an electron remains 
in the gas of the chamber (lcm depth box). 
The initial position of the electron is x=a;. 


since the electric geld is not applied to the 
chamber. The probability of the loss due to 
diffusion can easily be computed. To simplify 
the computation we deem the diffusion one 
dimensional. The diffusion equation is given 
as 
On(x, t) _ paws t) 
at OS! what 


-~where n(x,t) is the density of electrons and 
D is the diffusion coefficient of electrons. It 
will be assumed that electrons disappear at 
the wall. 

The value of (x,t) is derived from Eq. (5), 
(See Appendix A), and the probability that 
‘an electron remain in the gas of the chamber 
is shown in Fig. 5. From the result, it may 
‘be concluded that the electron loss due to 
diffusion determines the sensitive time of the 
«chamber. 

A4 On the operating conditions 

To develop the discharge only in the region 
where the particles passed, it was found 
necessary to apply a pulsed electric field of 
very short duration (<10-‘sec). If the 
duration of the pulsed field is longer, the 
disharge spreads over the whole space of the 
box. However, in case of the triggered spark 
counter, such a short duration of the pulsed 
field is not required to prevent the discharge 
from spreading over the counter. The reason 
‘may be as follows. In the case of the spark 
counter, the voltage difference between the 
plates is decreased rapidly by the first dis- 
charge owing to the large spark current, so 
that secondary discharges can not occur. 
But in case of the discharge chamber, the 
electric field does not decrease rapidly at the 
instant of the first discharge because of the 
high electrical resistance of the glass plates. 
‘Thus when the “seeds” of discharges are 
produced somewhere in the chamber, new 


(5) 
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discharges can start from those seeds. The 
mechanism of the production of the “seeds ” 
may be electron ejection by the photons 
emitted in the first discharge, so that to 
prevent the spurious discharge from starting, 
it is necessary to drop the intensity of the 
applied field soon after the development of 
the discharge columns of the track. 

Next, the duration ¢. within which the 
electrons give rise to discharge columns will 
be estimated. According to the streamer 
theory of the spark mechanism”, the time 
required for the dicharge to develop into a 
spark consists mainly of the time spent by 
an electoron avalanch in transforming into 
the streamer. Thus 

teS2L/w , 


where 2L is the distance between the electrical 
plates and w is the drift velocity of the 
electrons. For a 1cm box with E=8kV/1cm 
the value is t-<10-7sec, and for a 2cm box 
with E=13kV/2cm the value is te<2X10-’ 
sec. These values are consistent with the 
observed operating conditions of the discharge 
chamber. The values are also consistent 
with the one obtained by Fisher and Zorn®. 

4.5 On the recovery time 

The experimental result on the recovery 
time is understood to indicate that the electrons 
produced by the discharge remain in the 
chamber for about 0.1~0.2sec after the pulsed 
discharge. Let us consider the mechanism 
of the electron loss. From studying the 
blackness of the images of the discharge 
columns on the photographs, the density of 
electrons and positive ions produced by the 
discharge is estimated to be at least of the 
order of 10!° to 10!4/em*. If these electrons 
are lost by the free diffusion to the walls, the 
elapsed time in this process is estimated to be 
of the order of 0.005sec. The time for the 
ions to diffuse out to the walls is estimated 
to be of the order of 20sec. Thus these 
processes can not explain the recovery time 
found experimentally. 

One possible explanation of this phenomenon 
is as follows: Due to the electrical forces of 
the ion cloud, electrons cannot diffuse freely 
at first but follow ambipolar diffusion. Thus 
at the beginning electrons are gradually lost 
by recombination and attachment during the 
ambipolar diffusion. When the positive charge 
excess among positive and negative ions 
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decreases so much that the process of electron 
capture cannot occur any more, electrons 
may begin to diffuse away freely to the wall 
of the chamber and are then lost. Following 
the above process the time until the electrons 
are lost will be estimated in Appendix B. 
For the process of the electron attachment 


Table V. The calculated recovery time of the chamber. The values are calculated for 2cm box. 
The values for 1cm box are the same except the value of ts, and ts becomes one fourth of 
The unit of ¢ is second. 


the value of 2cm box. 
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the small amount of Oz contamination is) 
taken into account.. The results estimated. 
are shown in Table V. 

From these results, it is concluded that if, 
O. gas were admixed in the ratio of about 1 
to 10° in the gas of the chamber, the recovery 
time would be about 0.lsec. This amount 


Pressure of O2 uaa a 


79=0.1 cm 7o9=0.2 cm 


(mmHg) 


‘lai talento Wage 


UPI set FAT 3, eaten eee 


7.6X10-3 (0.001%) 


| | 
7.6X10-2 (0.01%) 10.005 0 | 0.003 0.008 0.003 0.01 
| | | 


0 0.003 0.008 0.03 0.08 0.003 0.1 | 0.03 0.12 0.003 0.2 


0.003 0.02 0.003 0.02 0.003 0.03 


| 


of Oz contamination is reasonable when the 
process of the gas filling into the chamber is 
taken into consideration. The calculated 
results suggest that the recovery time may 
become shorter if more Oz gas is mixed into 
the filling gas. 


4.6 Onthe mechanism of the slanting discharge 

When the angle between the path of the 
incident particle and the direction of the 
electric field is small (<30°), a single dis- 
charge column develops along the path of 
the particle. The discharge of this kind 
was observed also by Charpak using a-rays 
in argon and propane gas mixture®. This 
phenomenon may be due to the interaction 
between adjacent electron avalanches in the 
development of the spark discharge. When 
two adjacent electron avalanches start simul- 
taneously, one is in front of the other, and 
if the lateral distance between these two 
avalances is smaller than a certain value, 
the succeeding avalanche will be influenced 
by the foregoing one. If the electrical 
attraction occurs between each pair of adjacent 
avalanches, the paths of the avalanches will 
be not along the electric field but along the 
row of the electrons ejected from atoms by 
the incident particles. 

Hereinafter, the condition for the occurrence 
of the slanting discharge will be considered. 
This condition consists of two parts, one is 
that the lateral distance between adjacent 
avalanches must be so small that mutual 
interaction may occur. The distance may 


be of the order of the width in which the | 
adjacent avalanches can overlap each other. 
The other is that the positive ion cloud left 
behind the electron cloud must be in front of 
the following electron avalanche in order 
that the avalanche is attracted to the advanced 
one. When the mean distance between 
ejected electrons is denoted by d, and the 
angle between the row of. electrons and the 
direction of electric field is #, the former 
condition is expressed as 


dsin0<2kip . (6): 
The latter may be expressed by | 
d cos 0=2k20 , (7) 


where the symbols k:, k: indicate constants. | 


of the order of magnitude unity, @ is the. 
radius of the electron cloud at the head of 
an electron avalanche. The conditions (6) and. 
(7) can be reduced to 

tan 0Ski/k2 
and 

d sin 0<2kipmax - 


(8) | 


(9) | 


According to the Meek’s theory of spark. | 


mechanism”, the maximum value of 9 is. 
restricted by the fact that an electron 
avalanche is transformed 
when the radial field produced by the positive: 
ions at the head of the avalanche is of the: 
order of the externally applied field Fext. 
The criterion is expressed as 


4eae%* 


30 ™ Fext ? 


(10 


into a streamer 
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where 0=/2Dt=vV 2Dx/w is the radius of 
the electron cloud at the head of an electron 
avalanche, e is the electronic charge, a is 
Townsend’s ionization coefficient, x is the 
distance advanced by an avalanche and wi is 
the drift velocity of electrons. If the values 
of ki and kz are chosen as unity, the condition 
(8) is reduced to 0<45°. 

When equation (10) is applied in the case 
where an avalanche is developed in Ne+0.5% 
A gas and the intensity of the externally 
applied field is 7kV/cm, the maximum value 
of @ is obtained as 0.02cm. The value of d 
is of the order of 0.02cm. Thus the con- 
dition (9) is satisfied in this case. 

Though undetermined parameters fi and kz 
are chosen as unity in the above calculation, 
the result is nearly equal to the value obtained 
experimentally. Thus the slanting discharge 
may be explained by the mechanism described 
in this section. 


§5. Conclusions 


As the characteristics of the discharge 
chamber, the following may be enumerated. 

1) This detector is simple to construct 
and stable in operation. It is essential for 
the steady operation of the chamber to keep 
the duration of the electric pulse to or shorter 
than 10~‘ sec. 

2) The recovery time is 0.1~0.2sec. It 
would be possible to make this time shorter 
if a small amount of O2 gas were mixed into 
the filling gas. 

3) This detector is applicable for detection 
of multiple particles passing through it simul- 
taneously as shown in Fig. 3-a of I. 

4) The diameter of the discharge column 
is lmm~4mm and is partly dependent on 
the intensity of the applied field. 

5) The sensitive time is of the order of 
10 vsec before the application of the electric 
field. 

6) The “seeds” of the discharge are the 
electrons ejected by the incident particle. The 
lateral displacement of the discharge columns 
is explained as being due to the diffusion of 
these electrons. When the lateral displace- 
ment of discharge columns is measured, the 
time which elapsed from the instant of passage 
of the incident particle to the time of ap- 
plication of the pulsed electric field may be 
estimated with an accuracy of a few psec. 
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7) The number of discharge columns is 
one order of magnitude smaller than that of 
electrons expected from the ionization process 
of the incident particles. This may be due 
to the fluctuation of the development of the 
discharge and the influence of the space charge 
field produced by the advanced discharge. 

8) The slanting discharge occurs when the 
angle between the path of the incident particles 
and the direction of the electric field is small. 
This seems to be due to the mutual interaction 
between adjacent electron avalanches. 


Acknowledgements 


The authors wish to express their gratitude 
to Professor Y. Watase of Osaka City Univer- 
sity for his interest and encouragement. 
Thanks are also due to Dr. H. Matsuda of 
Osaka University for the gas analysis using 
the mass-spectrometer. We wish to thank 
Drs. M.F. Crouch and S. Ozaki for suggestions 
in the preparation of the manuscript. 


Appendix A. 

The estimation of the electron less due to 
free diffusion ; 

The equation for one dimentional free dif- 
fusion of electrons is given by Eq. (5). With 
the boundary condition that n(x, t)=0 at the 
wall («=+L) and the initial condition that at 
t=0 an electron is at x=, n(x, t) will be 
calculated. The result is 


n(x, t)= a Cn exp(—t/tn) Cos (ee & \ 5 
oe Die 
(A.1) 
where 
ea ee (1+2n) x 
Cn = r\_ 30 xi) C08 a hay 


LY {atm r 
re Dire wae 


and 

= 4? 

~ (1+2n)?x?D * 

Then the probability that an electron which 
is at x=x: at t=0 remains in the gas of the 
chamber at time ¢ is 


Tn 


+L 
P(x) =| n(x, t) dx 
=r 
= 4L ; cae 
= 21Cn exp( ble») on) e sin {( 5 +n)nl e 


(A.2) 
The computed results are shown in Fig. 5. 
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Appendix B. 


The estimation of the rate of electron loss 
after the discharge 

After the external electric field vanishes, 
electrons in the discharge column continue 
to excite neutral atoms for short period of 
a few psec and the energies ‘of electrons 
decrease. Then electrons are gradually lost by 
recombination and attachment being held by 
the ambipolar diffusion. 

The rate of electron losses due to recombi- 
nation and attachment is given as 


ane 
dt 


where + and m. are the densities of positive 
ions and electrons, respetively. a@ is the coef- 
ficient of recombination and is 210-’cm?/ion 
sec for neon. / is the electron attachment 
probability per collision and is 2.5x10->. a 
is the mean velocity of electrons. 2 is the 
collsion mean free path for electron in O2 and 
expressed as 


=—(anst+hit|2e)ne , (B.1) 


e=1/ (20 po) ’ 
where fo is the pressure of O: in mm/Hg. 
When an+>hii/d-, the process of the recombi- 
nation is predominant and in this stage the 
electron loss is given as 


ane 
dt 


If m4=ne~n and m is the electron density at 
i=0, 


>=—ANLNe . 


oe 720 
eS PET oe 
The time spent in this stage is 
ti~2el(hir) , (B.3) 


provided that mati:>1. 

In the next stage the loss due to the at- 
tachment is predominant and the rate of loss 
is given as 


where JN is the total number of electrons. 
The time ¢z, in which the number N; decreases 
to Ne, is estimated as 


(B.4) 


where M: and Nz are the numbers of electrons 
at the beginning and the end of this stage, 
respectively. Vi and V2 are the volumes of 
space occupied by the electrons and ion cloud 
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at the beginning and the end of this stage, 
respectively. 

The ambipolar diffusion will end when the 
positive electric field of the ion cloud can no 
longer capture the electrons against their 
thermal motion. The condition for electron 
capture by the ion cloud may be given as 


i BR oe 
NeXN+—N panier ee (B.5) 
and 
sot rege 


where n_ is the density of negativeions. This 
formula is based on a plasma of spherical 
shape. T is the kinetic temperature in degrees 
of Kelvin and & is the Boltzmann constant; 
e is the electron charge. The condition based 
on a spherical shape is used in spite of its 
actual cylindrical shape because electrons in 
a spherical plasma escape more easily froma 
positive ion cloud than from an endless cylindri- 
cal plasma, and the condition at the two ends 
of the cylindrical plasma may be nearly equal 
to the condition of spherical plasma. If the 
radius of the ion cloud is changed by diffusion, 
this critical density varies with time. When 
the shape of the ion cloud is cylindrical and 
the change of volume is mainly due to the 
change of its radius, 

MVi mars? 

N2V2 N22? 


where 7:1 and 7/2 are the radii of the ion cloud 
at the beginning and the end of this stage 
respectively. If m2=3kT/(2ze?r2") is inserted, 
the value of 71 Vi/(#%2 V2) becomes 27-77 17111/(3RT). 
Then the time ¢2 is given by 
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where m is the final density of the first stage 
and is given as hit/ade. 

Next the time ¢s for the electrons to diffuse 
out to the wall will be estimated. As shown 
in Appendix A the first term of equation 
(A.2) is the predominant one in the density 
distribution after a long time. Thus the num- 
ber of electrons which remain longest inside 
the chamber is 
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| In this case Co is expressed as 


+2 / 
C=s\" No! cos xdx =e : (B.7) 


where m’ is given as xr?n-~3RT/(2e?), which 
is the number of electrons per unit length 
» along the axis of the discharge column at the 


time when the condition (B.5) begins to be 
violated. Then the time ¢s is obtained as 


16 Lino’ Abt takTL 
Tae aD, me? 
The time ¢(=f:+f2:-+t¢s) was calculated in 

the case when O2 gas is mixed in the gas 

inside the chamber. The results of the calcu- 
lation are shown in Table V. Where 7% is the 
radius of the discharge column at f=0. When 

Yo is equal to 0.01cm, the time fs is zero. 

This means that the process of the recombi- 


nation alone is enough to violate the condition 
{B.5). 


ts~to In (B.8) 
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Absorption Bands in KCl. Crystal 
Containing LiCl 
By Shinichi NAKASHIMA 


Matsushita Electronics Corporation 
Takatsuki, Osaka 


(Received September 1, 1961) 


It was reported in a previous paper!) that the 
position of a colloidal band in KCl crystal contain- 
ing NaCl shifts to the shorter wavelength side as 
the doping amount of NaCl increases. The colloidal 
bands in KCl-NaCl mixed crystals were ascribed 
to K-Na alloy colloids. Following Doyle’s theory?) 
the wavelength 4 for the absorption maximum in 
the colloidal band is evaluated from 

A=(1+2 n})1/? de 
where mp is the refractive index of the host crystal 
and 2, is the critical wavelength for ultraviolet 
transparency of the metal, which is inversely pro- 
portional to the square root of the electron density 
in the metal. Since the electron density of a K-Na 
alloy is greater than that of the K metal, it is 
concluded that the colloidal band of a K-Na alloy 
appears at the shorter wavelength side of the 
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A (mp) 
Fig. 1. Absorption curves of additively colored © 
KCI-LiCl 


(1); before F-light irradiation, 
(2); after F-light irradiation at room tempera- 
ture; measured at liquid N: temperature. 


colloidal band of the K-metal. In order to confirm: 
this conclusion, it would be desirable to investigate 
the absorption band in KCl containing LiCl, because 
in this case the colloidal band is expected to appear 
at a much shorter wavelength. 

KCI-LiCl crystals were grown from melts contain- 
ing one mol per cent LiCl. After being additively 
colored the crystal shows an F-band as in the case 
of pure KCl. When illuminating this sample with 
F-light at room temperature the band diminished’ 
and two bands with peaks at 5600 A and 6350 A 
appeared at liquid nitrogen temperature (Fig. 1). 
These absorption bands in KCI-LiCl were first ob- 
served by Ishiguro®). However, as his measurements. 
were made at room temperature these peaks were 
not clearly separated. 

Upon heating the additively colored KCI-LiCl 
crystal at 200°C the F-centers were converted to: 
centers with an absorption peak at about 5000A 
(Fig. 2). The position of the band was not altered 


OPTICAL DENSITY 


700 800 

» (mp 

Fig. 2. The absorption curve of the colloidal 
band in KCI-LiCl (1), is shown in comparison 
with a colloidal band in KCl-NaCl (2) and that 


in pure KCl (8). 


by cooling the crystal to the temperature of liquid 
nitrogen. This absorption band may be considered 
to be the colloidal band of the K-Li alloy. As was. 
expected, its peak position is shifted to the wave- 
length side shorter than that in the case of a K-Na 
alloy (i.e., 5900A in KCl containing one mol per 
cent NaCl). 

The author expresses his thanks to Dr. K. Fukuda 
and Dr. H. Mizuno for their helpful discussions. 
and Prof. Y. Uchida for his encouragement. 
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Internal Friction of LiF at Low 
Temperatures 


By Akira IKUSHIMA and Taira SUZUKI 


The Institute for Solid State Physics, 
University of Tokyo, Tokyo, Japan 
(Received October 5, 1961) 


In many metals, a well defined internal friction 
peak, called the Bordoni peak, has been observed 
at low temperatures in the cold worked state). 
Seeger?) has explained quantitatively the peak as 
due to the oscillatory motion of dislocations over 
the Peierls hill. According to his theory, it is 
possible to determine the Peierls stress experi- 
mentally, which is one of the most essential 
quantities for the understanding of the fundamental 
processes of dislocations in crystals. If so, such 
an experiment is almost only one available way at 
present to give the Peierls stress. 

It appears, however, that one has not yet con- 
firmed the uniqueness of the proposed model for 
the Bordoni peak). Asa possible way to overcome 
the present difficulty, it is worth while to study 
the nature of the peak in other materials such as 
polar crystals, because theoretical calculations of 
the Peierls stress to be compared with experimen- 
tal results could be obtained more likely than in 
metals. In ionic crystals, however, only a few 
works have been carried out so far. This note 
will present a brief account of our recent experi- 
ment on LiF. 

LiF crystals were obtained from the Harshaw 
Chemical Company. Specimens of about 1x11 cm? 
were prepared by cleavage. They were annealed 
on silica plate in air at about 700°C for 15 hours, 
and then slowly cooled down to room temperature. 

Plastic deformotion of specimens was given in 
compression with the Instron Testing Machine. 
Two glide systems always operated, where their 
Burgers vectors were found to be perpendicular 
to each other. 

Internal friction against longitudinal waves at 15, 
25 and 35 Mc/sec was measured by using the pulse- 
echo method‘). Typical results are shown in Fig. 
1(a)-(d). In deformed crystals, a well defined 
main peak and a subsidiary peak at lower tem- 
perature are both present. The height of the main 
peak becomes larger with increasing plastic defor- 
mation up to about 4% and the peak-temperature 
are little affected by the amount of deformation. 
It appears that these peaks correspond respectively 
to the Bordoni peak and its subsidiary peak in 
metals. Whether or no these peaks are due to 
dislocation motion was checked in a similar way 
as used in the foregoing works on KCl done by 
one of the present authors’). Curve (b) shows a 
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positive result against the longitudinal wave in the 
direction normal to both of the Burgers vectors of 
the operating dislocations. 

The rapid rise of attenuation immediately below 
room temperature is tentatively assumed to be due 
to a change in the state of bonding material 
between specimen and quartz transducer. The 
bonding material used was a stopcock grease’ 
“ Nonaq ”. 

The present results give the values of the acti-- 
vation energy Q and the attempt frequency vo as 


Q=0.090 eV, w=6X109 sec—! 
for the main peak, and 
Q=0.02eV, vo=1X108 sec! 


for the subsidiary peak. 

The Peierls stress cy9=3.8 x 107 dynes/cm?, where 
the shear modulus yp is taken to be 6.5101! dynes/’ 
cm’. It follows that 7,/u~5.8x10-5. It almost: 
coincides with the value 2x10-5 of MgO®. It is. 
smaller than that of most metals, however. 

Finally, we would like to comment on a similar 
work on LiF done by Taylor”), who kindly informed! 
us of his fresh results. His peak temperatures. 
for 40 kc/sec and 6kc/sec are seemed to lie well 
on the extrapolation of the present results obtained 
at higher frequencies, although he has tentatively 
obtained appreciably different values from ours: 
such as Q@=0.15eV and w=2x10!5 sec—!. 

The full account of the present work will be: 
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Fig. 1. Ultrasonic attenuation vs temperature. 


(a) a—annealed? at 700°C for 15 hours, 15) 
Mc/sec. 

(b) A—cold-worked by 3.1% compression. 
Longitudinal waves of 35 Mc/sec are di- 


rected perpendicular to the Burgers. 
vectors. 

(c) ©—cold-worked by 3.1% compression, 35- 
Mc/sec. 

(d) @—cold-worked by 3.7% compression, 35> 
Mc/sec. 
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published in the near future. 
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Ground State Energies of Donors 
in Ge and Si 


By Koziro NARITA and Tatsuo SHIMIZU 


Hitachi Central Research Laboratory, 
Kokubunji, Tokyo 
(Received August 28, 1961) 


The energy levels of shallow impurities in Ge and 
‘Si have been treated by the effective mass theory.) 
But the theory can not explain the difference of the 
energy levels for different impurity atoms. 

The ground state of donors in Ge and Si are four- 
fold and sixfold degenerate respectively in the ef- 
fective mass approximation. It is known, however, 
that these states split into singlet and triplet for 
‘Ge, and singlet, doublet and triplet for Si as the 
result of the valley-orbit interaction. In either 
case, the energy of the singlet state is the lowest. 
“Since the wave functions of all the other states 
vanish at the center of the impurity atom, their 
energy levels are expected to be rather well ap- 
proximated by the effective mass theory. There- 
fore once the magnitude of the valley-orbit splitting 
is known, the energy level corresponding to the 
ground state can be obtained. 

It is shown that the valley-orbit splittings are 
given by 44 and 64 for Ge and Si,2)3) where 


Ve [omy Hebir)de . 


Here H and H, denote respectively the real Hamil- 


2 
tonian H+ U(r) and the Hamiltonian Ho. used 


in the effective mass theory, and ¢;(r) is the donor 
‘wave function corresponding to the ith valley. 
We assume U(r) to be the following type, 
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Here r, is the radius of a sphere, inside which 
the potential due to the impurity deviates from the 
form of —e?/er. And k is determined so that the 
potential is continuous at the surface of the sphere. 
Then we can write 4°as 


il 
7 f= (Zers— ~~ Ie ? 
where 


= PT a Reb 
=|, -,,% (r)\ Y ~~) lr") T 


. 


The exact form of the wave function, however, 
is not known. We shall therefore proceed treating 
I; aS a parameter, and using the following expres- 
sion for determining Zzyy 

13.6(e V) x Aer = Ds 
where J, is the ionization potential of the impurity 
atoms in vaccum*4), and n is 2, 3, 4, 5 and 6 for 
Li, P, As, Sb and Bi respectively. 

We have performed the calculations, taking the 
values of parameters to bo 1.02x10-%eV and 2.32x 
10-4eV for Si and Ge respectively. The results 
thus obtained are found to be in excellent agree- 
ment with the experimental values!)s) except for 
Sb, and are shown in Table 1. 


Table 1 


The values of Ground state 


mpurit ; : 
clement. ley Sra Sol ea omer) 
Li 0.007 0.036 0.033 
Pp 0.016 0.045 0.044 
in Si As 0.020 0.049 0.049 
Sb 0.024 0.053 0.039 
Bi 0.026 0.055 0.069 
Lei 0.0011 0.0103 0.0100 
mou(E 1% 0.0024 0.0116 0.0120 
As 0.0031 020123:7 4.020127: 
Sb 0.0036 0.0128 0.0096 


More complete and detailed discussion will be 
published in the near future. 
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Origin of Magnetoelectric Effect in Cr.0; 


By Muneyuki DATE, Junjiro KANAMORI, and 
Masashi TACHIKI 


Department of Physics, Osaka University, 
Nakanoshima, Osaka 


(Received September 26, 1961) 


Magnetoelectric effect in antiferromagnetic sub- 
stances has been discussed by several authors!—5), 
and detailed experiments of the effect in Cr,O3 have 
been reported recently by Folen, Rado and Stalder?). 
A crystal of Cr.03 is of trigonal symmetry and the 
spins are oriented along the trigonal axis in antifer- 
romagnetic state. An electric field either parallel 
or perpendicular to the trigonal axis produces a net 
magnetization in the direction of the applied field. 
The case of parallel field will be discussed first. 
In Cr,03, sites occupied by up spins are equivalent 
to sites occupied by down spins by an inversion 
symmetry. Since the presence of an electric field 
along the trigonal axis destroys this inversion sym- 
metry, such an electric field may produce a difference 
in absolute magnitude between the magnetizations 
of up and down spin sublattices. Rado) has sug- 
gested that the effect arises from the difference of 
the single ion energy DS, where the trigonal axis 
is taken as the z-axis. The derivative of D with 
respect to the strength of electric field e¢, dD/de, of 
ions of up spin sublattice should have an opposite 
sign to that of ions of down spin sublattice because 
of the symmetry relation mentioned above. If this 
mechanism is responsible for the observed magnetiza- 
tion, |@D/de|/gue should be as large as 0.43 oe./kV 
per cm*. In order to check this point, we have 
observed paramagntic resonance patterns of Cr+ in 
a ruby under an electrostatic field applied along 
the trigonal axis. As will be described below, the 
result is definitely against Rado’s proposal>). It is 
concluded in the present letter that the exchange 
interaction within the same sublattice is the plausible 
origin of the effect. 

The experiment has been performed by use of 
32.35 kMc/sec microwave and a pink ruby sample 
of 4x4x1mm size. We have investigated the 1/2 
—3/2 transition line in a magnetic field applied along 
the trigonal axis. The frequency of this line is 
given by 

hv=gusH+2(D+e0D/0¢) . 
By use of the field modulation method the resonance 
line in an electric field has been compared directly 


* The value mentioned in the text is about 3.5 
times as large as the value cited in Rado’s paper. 
X%, assumed in his calculation seems to be too large 
by the factor 3~3.5 compared with the experimental 


Xi. 
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on the memoriscope with the line in the absence 


of electric field. Our experimental accuracy is such 
that the observable limit of the splitting of the 
resonance line into two lines is 30e. No change 
of the resonance pattern has been detected in an 
electric field up to 3kV per mm. This indicates 
that |@D/de|/gu, is less than 0.03 0e./kV per cm, 
which is one tenth of the value required for the 
explanation of the magnetoelectric effect. 

Denoting an exchange integral by J, we note that 
dJ/de for one sublattice has an opposite sign to that 
for the other sublattice if the relevant interaction 
is the interaction between the spins belonging to 
the same up or down spin sublattice. Thus an 
electric field will decrease the absolute magnitude 
of the molecular field arising form such an exchange 
interaction for a sublattice and increase it for 
another sublattice. Since the effect is equivalent 
to a magnetic field, the induced magnetization is. 
proportional to (0J/de)x\<Sz>ay. This proportiona- 
lity of the magnetization tox)<Sz>ay has been 
proposed phenomenologically by Rado.5 Though 
precise estimation is difficult, we can conclude from 
perturbation calculations that |dJ/de|/| J| is of the 
same order of magnitude as |dD/de|/|D|. This. 
indicates that our mechanism is more effective than 
the mechanism suggested by Rado by two orders. 
of magnitude, since D is 0.19 cm~-! and the exchange 
interaction is probably of the order of 100 cm-!}. 

When an applied field is perpendicular to the 
trigonal axis, our mechanism, that is, the change 
of the exchange integral is ineffective. In this case 
a change in the direction of the principal axis of 
the single ion energy) or Dzyaloshinsky-Moriya 
interaction®) might be responsible for the magneto- 
electric effect. Indeed the observed magnitude of 
the effect is smaller by one order of magnitude than. 
the case of parallel electric field. 
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Determination of the Impurity 
Concentration of the P-type 
Recrystallized Layer by 
Thermoelectric Power Measurements 

By Masakazu SHOJI . | 
Hitachi Central Research Laboratory, 
Kokubunji, Tokyo 
(Received September 18, 1961) 


In this report, the acceptor concentration of the 
p-type recrystallized layer has been determined by 
comparing thermoelectric power of the specimen 
with that of the standard samples. 

Experimental arrangement shown in Fig. 1 is 
‘the same as that used by Batifol et al.“) to deter- 
smine the diffusion constant of arsenic in germanium. 


Substrate 


Recrystallized Layer 


‘Fig. 1. Experimental arrangement 

The specimen was prepared by alloying strips 
-of indium containing 10% tin and various amounts 
-of gallium into n-type germanium wafer at 580°C 
and by cooling rapidly. Indium was removed by 
-amalgamation and ohmic contacts were soldered to 
the recrystallized p-type germanium. Then the 
bottom part of it was exposed by etching. Standard 
‘samples were taken from single crystals doped 
with gallium and etched on the same condition. 
“Their impurity concentrations were determined by 
‘resistivity measurements. 

Fig. 2 shows the thermoelectric voltage versus 
gallium concentration in the alloyed strip p, 
together with the result for the standard samples 
measured on the same condition. Measured ther- 
moelectric voltage decreases almost linearly with 
logarithm of the acceptor concentration up to 
4X 1019/cc. 

Result of the comparison of thermoelectric power 
is shown in Fig. 3. 

The acceptor concentration of the specimen made 
by alloying pure indium at 580°C was found to be 
1.3x10!8/ec which was in good agreement with 
Lee’s(2) data. 

When p was larger than 0.15%, no effect of 
phosphorous contained in the substrate was ob- 
‘served. Difference in the impurity concentration 
and conductivity type between the recrystallized 
layer and its substrate caused no effect on the 


Short Notes 


(Vol. 16, 


measured result. This is reasonable because the 
electronic part of thermal conductivity of germani- 
um is much smaller than the phonon part. 

Effect of tin in the alloy metal was also examined. 
Thermoelectric power of the specimen made by 
alloying indium containing fixed amount of gallium 
and various amounts of tin (less than 14%) was 
not influenced by tin. Further no effect of tin was 
observed on the thermoelectric power and the Hall 
mobility of the single crystal specimen containing 
up to 6.3x10!9/cc tin (which was about 45% of the 
estimated concentration in the regrown region.) 


Wt _% of gallium in the alloy metal 
Ol% 1% 10% 


Sed A Cg me 


Thermoelectric Power (uV) 


for 10'9 1029 
Acceptor concentration of the standard sample (cri) 


Fig. 2. Thermoelectric power versus impurity 
concentration. Upper curve is for standard 
samples (Conc. is given in lower scale.) Lower 
curve is for regrown samples (Conc. is given 
in upper scale. 
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Fig. 3. Acceptor concentration in the 
lized layer versus p. 


recrystal- 


No detectable effect on the measured result was 
expected from the extrapolation of this data. 

This method may give the same result as the 
infrared transmission method’) if the specimen is 
prepared on the same condition. : 

Impurity concentration thus determined is in 
good agreement with that estimated from the tunnel 
current data. Details will be reported soon. 

The author wishes to express his thanks to Mr. 
M. Tomono, Mr. M. Tokuyama and Mr. T. Hirai 
for their kind advices. He is also indebted to Mr. 
Y. Ito for his assistance in the experiment. 
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Epitaxial Vapor Growth of GaAs on Ge 
Single Crystals 


By Takasi OKADA, Takao Kano 
and Yozo SASAKI 


Research Laboratories, Nippon Electric 
Company Ltd., Tokyo, Japan 


(Received October 10, 1961) 


Antell and Effer!) have reported that small 
crystals of GaAs were deposited on the surface of 
quartz tube at 1030°C from the vapor which was 
produced by the reaction between GaAs source and 


I, at 1070°C. It is the purpose of this paper to 


report that GaAs single crystals are grown 
epitaxially on substrates of Ge single crystals ina 
closed quartz tube by the  disproportionation 


reaction between GaAs and I. 

A quartz tube, which is about 20 mm in diameter 
and 60 ml in volume, is charged with a germanium 
seed, 2g of GaAs polycrystalline source and 120mg 
of pure I,, The Ge seed is roughly rectangular 
in shape, 150 mm? in area, and has a surface of 
(111) orientaion. The tube is cooled at a tempera- 
ture of mixture of dry-ice and alcohol bath and is 
evacuated to a pressure of 10->mm Hg. After 


GaAs SOURCE, Ge SEED, DUMP ZONE, QUARTZ TUBE 


= — <S 

c¢ 
800 

750+ DEPOSITING — ETCHING SEED 

ON SEED ——\ 
700 ae 
Fig. 1. Diagram of closed-tube method of vapor 

growth. 


being sealed off, the quartz tube is placed in an 
electric furnace. The temperature profile of the 
furnace is adjusted so that both the source and the 
seed surfaces may be etched at 780°C and the 
removed materials may be deposited in a “dump 
zone” at 700°C (Fig. 1) After 2hrs’ etching, the 
temperature of the seed region is forced to drop 
quickly to 700°C. Under these conditions the 
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epitaxial growth of GaAs takes place on the sur- 
face of Ge seed at the rate of about 6y/hr. The 
texture of the deposited GaAs is shown in Fig. 2. 
The (111) crystallographic orientation of the depo- 
sited crystal is confirmed by X-ray diffraction 
method. 

Non-doped n-type GaAs having the resistivity of 
0.01 Qcm is used as a source material. It is found 
that the epitaxially grown layer is also n-type and 
has almost the same resistivity as that of the 
source. The resistivity of the layer is estimated 
from the breakdown voltage measured by point 
contact method. 

Good epitaxial growth is attained when the tem- 
perature of the substrate is above 650°C. Below 
this temperature coarse grey deposit is obtained. 
(Fig. 3) 


Fig. 2. Typical epitaxial growth of GaAs on the 
(111) Ge substrate at 700°C. (x 150) 


obtained at 


of GaAs 


Coarse deposite 
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The authors would like to express their thanks 
to Dr. Yoshioki Isikawa for his encouragements. 


They are also indebted to Mr. Mitsuhiro Maruyama 
for his supply of GaAs crystals. 
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Transient Phenomena in Ruby Maser 
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Nippon Electric Company, Kawasaki, 
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Transient phenomena of maser oscillation were 
observed in an X-band three-level ruby maser and 
measurements on time lag at oscillation were made. 

The —3/26+41/2 or +1/20—3/2 transition was 
used for pumping and the +1/20—1/2 transition 
was used for signal. The pumping and the signal 
frequencies were 24 kMc/sec and 9.4 kMc/sec re- 
spectively. 

A ruby single crystal used in the experiments, 
containing 0.05% of Cr+++, was about lem. Be- 
cause of large dielectric constant of ruby, most of 
the electromagnetic energy in the maser cavity was 
concentrated to the crystal, which might be con- 
sidered as if it was a resonator itself. The energy 
concentration to the crystal and consequent decrease 
of wall loss of the cavity gave the filling factor 
very close to 100% and the loaded @ of about 
10000. 

In our experiments, the pumping microwave was 
chopped by applying square wave voltage to the 
reflector of the pumping klystron and the corre- 
sponding oscillation signal 
A photograph of typical oscil- 
lation signal is shown in Fig. 1. 

When the pumping microwave was suddenly ap- 
plied at t=0, the oscillation did not build up from 
t=0 but from t=tg with time lag tg and reached 
to steady state with transient amplitude modulation 
similar to damped oscillation. 

Similar phenomena to ours have been reported by 
Feher et al!), Chester et al?) and Kemp?) for two- 
level maser and by Kikuchi et al4) and Statz and 
de Mars?) for three-level maser. Theoretical studies 
on these transient phenomena have been made by 
Singer et al®”, Yariv et al8) and Kemp?) for two- 
level maser and by Statz and de Mars5) for three- 
level maser. These theories seem to well describe 
the principal aspects of the phenomena after build- 
ing up of oscillation. There have been, however, 
no experimental and theoretical works on the time 
lag before building up of oscillation as we men- 
tioned above. 


was displayed on a 
cathode ray tube. 


We have measured ty as a function of the pump- 
ing power P (peak value) and the recurrence fre- 
quency f of the modulating square wave. 

When either P or f decreased, tg increased, while 
the shape and duration of the transient amplitude 
modulation did not change remarkably. The ampli- 


tude of the oscillation signal decreased with decrease 
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of P. When the temperature 7’ was lowered from 
4.2°K to 2°K, tg increased slightly but other charac- 
teristics did not change. 

were order 


In all cases, the absolute 
values of ta of few hundreds micro- 


seconds. 


Fig. 1. A photograph of typical oscillation signal. 
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Fig. 2. The plots of logtg vs 1/P for various 
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The results of measurements on tg are shown in 
Fig. 2, where log ta is plotted as a function of 1/P 
for various values of f at T=4.2°K and 2°K. 

From the results, it follows that log ta is a linear 
function of 1/P. From usual rate equations, we 
obtain the time lag as 
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purpose of the present study is to measure the 
temperature dependence of all piezoelectric constants 
and explain the piezoelectricity by electrostrictive 
effects of the crystal. 

The paraelectric triglycine sulphate crystal belongs 
to the monoclinic prismatic class C2,—2/m, which is 
centrosymmetric. The transformation into the fer- 


Lieeplolanpaiedresdea(os')* 

t= 7 an) —amt oy) iiah 
where 4n(t) is the population difference between 
+1/2 and —1/2 levels before building up of oscil- 
ation and 4n* is the threshold value of 4n(t) for 
oscillation to occur and Wy, is the transition pro- 
-bability for the pumping transition. 


For sufficiently high pumping power, 4n(0), 4n(co) 
cand 4n* are independent of P so that ta is propor- 
tional to 1/W» and consequently 1/P. This result 
does not agree with the experimental facts and a 
more detailed consideration is required. 

The author wishes to thank Dr. Y. Ishikawa and 
Dr. K. Hayashi for their kind advice and discus- 
sions. 


References 


1) G. Feher, J. P. Gordon, E. Buehler, E. A. 
Gere, and C. D. Thurmond; Phys. Rev. 109 
(1958) 221. 

2) P. F. Chester, P. E. Wagner, and J. G. Gastle, 
Jr.; Phys. Rev. 110 (1958) 281. 

5) Jo Cs kemp:" Phys! Rev. Wetters 7 961) 21. 
4) C. Kikuchi, J. Lambe, G. Makhov, and R. W. 
Terhune; J. Appl. Phys. 30 (1959) 1061. 

5) H. Statz and G. de Mars; “Quantum Electro- 
nics” Columbia University Press, N. Y., (1960) 
530. 

6) J. R. Singer; “Quantum Electronics” Colum- 
bia University Press, N. Y., (1960) 525. 

7) J. R. Singer and S. Wang; Phys. Rev. Letters 
6 (1961) 351. 

8) A. Yariv, J. R. Singer, and J. Kemp; 
Phys. 30 (1959) 265. 

9) J.C. Kemp; J. Appl. Phys. 30 (1959) 1451. 


J. Appl. 


J. Puys. Soc. JAPAN 16 (1961) 2593~ 2594 


Piezoelectric Properties of Triglycine 
Sulphate 
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Musashino, Tokyo 
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Some results have been reported on the piezo- 
electric properties of triglycine sulphate crystal”. 
However, the values of the piezoelectric constants 
obtained by Konstantinova and others! differ con- 
siderably from those after Husimi and Kataoka?). 
Such discrepancies are supposedly attributed to a 
lack of prepoling in the former experiment. The 


roelectric phase occurs at 47.5°C and the crystal 
class changes into the monoclinic polar sphenoidal 
class C,—2. Nonvanishing piezoelectric constants 
in the latter phase are d21, do2, do3, dos, G14, Gis, Asa 
and d3;. The first four constants were obtained for 
the present. 

The constants d2,, d23 and dz, were measured by 
using y-cut bars. The angles between the long axes 
of the bars and z-axis (c-axis) are 90°, 0° and +45°, 
and the gold electrodes were evaporated on y-faces. 
Another constant dz: was obtained by a y-long bar 
and the electrodes were attached to end faces. The 
electromechanical coupling coefficients were de- 
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termined by the resonance-antiresonance method, 
with necessary corrections for stray capacities. The 
specimens were prepoled under the fields of 900 V/ 
cm. During the measurement, d.c. biasing field of 
90 V/cm was applied, otherwise single domain crystals 
obtained by prepoling are apt to split up into anti- 
parallel domains when heated and cooled through 
Curie point, and in the cooling process piezoelectric 
constants are measured to be reduced. 

The temperature dependence of the piezoelectric 
constant dos is shown in Fig. 1. This curve is 
similar to that of the dielectric constant. The tem- 
perature dependences of the elastic compliance 
coefficients $334 and s332 are also shown in the same 
figure. The value of s33? is nearly independent of 
temperature except in a narrow range near the Curie 


point. The results for the other constants are 
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simiar to the above ones. The temperature de- 
pendences of the piezoelectric constants dei, doz and 
des are shown in Fig. 2. . 
Barium titanate crystal shows no piezoelectricity 
above the Curie point, but in the ferroelectric state 
it is generally accepted that spontaneous polarization 
gives rise to “induced” piezoelectricity by the 
effect of the electrostriction?). This situation is 
sharply distinct from the piezoelectricity of rochelle 
salt, which is “intrinsic” piezoelectric even above 
the Curie point. The present case, in which no 
“intrinsic ” piezoelectricity exists above the Curic 
point, is similar rather to the case of barium titanate 
than rochelle salt, and the observed piezoelectricity 
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appears to be “induced”. The electrostrictive 
strain is represented by Q-PP, where P is the 
polarization and Q the electrostrictive coefficient. 
In the ferroelectric phase, the piezoelectric constants 
de (t=1, 2, 3 and 5) are given by 2 Qo:Psxh,, 
where Ps is the spontaneous polarization parallel to 
y-axis and «x, is the dielectric suscptibility. The 
above obtained values of dy; divided by 2 Pgx¥, 
lead to nearly constant values of Q independent of 
temperature. From this fact it will be concluded 
that the piezoelectricity of triglycine sulphate is due 
to electrostriction, as in the case of barium titanate. 
The electrostrictive coefficients are thus obtained 
as follows: 


Qer=1.5, Qe2=3.0, Qoes=—4.4 and Q.,=—0.5 in 
10-11c. g.s. units. 


The irradiation by x-ray, 7-ray and neutron has 
been known to give rise to the effect of suppressing 
the reversals of polarization4). The specimens were 
irradiated by x-ray from a Cu target during poling 
under the field of 900 V/cm for 0.5, 1.5 and 4.5 
hours. Although the measurements were performed 
without bias, crystals seemed not to split up into 
domains; that is, when the specimen was kept at 
about 50°C for half an hour and then cooled through 
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the Curie point, the obtained piezoelectric constants 


were the same as those before heating. The electro- | 
mechanical coupling coefficient of the irradiated | 


specimen is greater than that of the virgin crystal 
by about 15% at room temperature, but the reason 
for this difference cannot be understood yet. 


Full results, including data on the remaining | 


constants, will be published in near future. 
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One of the authors (T. Y.) has reported the 
experimental results of the reaction O18(d, a)N‘41), 
Soon after this experiment had finished, Pellegrini?) 
published the results of the same reaction at the 
almost same energy. It was remarkable that the 
results obtained by Pellegrini were somewhat 
different from those by T.Y., so this reaction was. 
re-investigated in order to answer the question 
where the difference came from. 

The deuteron beam of 14.5MeV was obtained: 
from a 105cm cyclotron of Kyoto University. 
Natural oxygen was used as O!6 target this time. 
The angular resolution of the alpha particle 
detecting system was +2°. Alpha particle detector 
was a semiconductor radiation detector of a silicon 
p-n junction. The energy resolution was less than 
been 

The angular distribution of alpha particles lead- 
ing to the ground state of N14 is shown in Fig. 1, 
together with the results obtained by Pellegrini 
and by one of the authors. Pellegrini gave a much. 
smaller absolute cross section than the other two. 


(Vol. 16, | 


1961) 


_It must be kept in mind, however, that in calculat- 
ing the absolute cross section, Pellegrini used 
~Cyo(H20), as molecular formula of Mylar, but 
_CsH,O, was used in the paper by T.Y.. The 
absolute cross section calculated from C;H,O, 
_ agreed reasonably with that from QO, gas target. 

From Fig. 1, it might be guessed that the 
angular distribution is very energy-sensitive, i.e. 
the angular distributions in forward and backward 
regions change fairly when the incident deuteron 
energy changes a little. The absolute value at 
90° direction seems to remain unchanged. 
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Fig. 1. Angular distributions of alpha particles 
from O1¢(d, a)N'4 (ground state) reaction. Solid 
line shows the present result. Dotted line 
shows the former work by one of the authors. 
Dotted and dashed curve shows the Pittsburg 


experiment. 


Fig. 2 presents the angular distribution of the 
alpha particles corresponding to the second excited 
state of N44. A |7.(QR)|? fit is also shown in the 
figure. The momentum transfer was calculated 
from a knock-out process. It is interesting that: 
1) The integrated cross section for the O1%(d, a)N'4 
reaction leading to the second excited state of N'4 
is larger than that for the reaction leading to the 
ground state. Their values are 13mb and 8mb 
respectively. Since the spin-parity of the ground 
and second excited states of N'4 are the same, 
being 1+, this fact means that there exist some 
other factors than that of the compound nucleus 
formation; 2) The location of the first peak 
coincides in both cases, but the first dip in ao 
corresponds to the second peak in az and so on; 
3) The behaviour of the angular distribution of 
a is very similar to that of the high energy alpha 
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particle groups from the reaction C12(d, a)B at 
the almost same energy of incident deuteron!). 
Alpha particles leading to the first 7’=1 level of 


_N'* were also observed this time in the forward 


region. Differential cross sections are 10~30 pb/ 
sterad in the range from 23.6° to 90.5° in C.M. 
system. The yields were poor and the statistical 
error amounted to 20% at about 90°, but its 


T T iD 
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Expertment 
| /e(QR)I*, knock-out. R= 55f 
® 0'8(d.a,)N4 (St T=1) 
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(mb/ sterad. ) 


Cross section 
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Fig. 2. Angular distribution of alpha particles 
from the reaction O16, a)N4 corresponding to 
the second excited state of N'4. The solid line 
shows the |72(QR)|? fit. Experimental points of 
a, are also shown on magnified scale. 


angular distribution shows a sligt increase in the 
forward region (see Fig. 2). This result disaccords 
with Pittsburg experiment?). Furthermore, the 
recent experiment on B1°(d, a)Be® reaction?) showed 
that the principle of isotopic spin conservation 
is strongly violated in (d, a) reaction, and the 
excitation energies of the compound nuclei being 
comparable in these two cases, the violation also 
prevails in the O'(d, a)N‘4 reaction. 
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On the Impurity Concentration of the. P-type 
Recrystallized Layer of Tunnel Diode 


By Masakazu SHOJI 
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For the detailed analysis of the electrical charac- 
teristics of alloyed tunnel diodes it is necessary to 
know the carrier concentration of the recrystallized 
region. In this report, method of its determination 
by analyzing the dependence of tunnel current on 
the gallium concentration in the alloy metal which 
was used to form the tunnel junction is described. 
The values thus determined were compared with 
that estimated by the measurement of thermoelectric 
power of the recrystallized region which was re- 
ported previously!). 

The analysis was made in the following way. 
The current-voltage characteristics of the tunnel 
junction is expressed by the following equation?). 


Tunnel current 


B 
=const: Z-| ” po(B)ar(E){fo(B)—fr(B) AB 

(1) 
Where Z is the tunneling probability of the electrons 
and is assumed to be independent of the integral 
variable. o¢(H) and oy(H) are the densities of states 
of the conduction and valence band respectively 
and fo(E’) and fy(#) are the corresponding Fermi 
functions. Hg and Hy represent the band edge 
energies. Then assuming the spherical energy 
surfaces near the band edges and the abrupt tunnel 
junction one obtaines 


(ay), 


= const: (np)1/3 exp [ -e(- +") : (2) 


Where » and p are the carrier concentrations of the 
n-type and p-type sides of the junction, oz is the 
conductance per unit area of tunnel junction at zero 
voltage and ¢ is a constant. 

Now »p is assumed to be proportional to the gal- 
lium concentration, » (in weight percent), in the 
alloy metal which was used to form the recrystal- 
lized layer. 

p=p*p (3) 
Where p* is a constant. From Eq. (2) and Eq. (3), 
n® A(nar)/dn— (1/30) ‘ 
~B a(Inex)/9—(1/3p) a 
All the terms in the right side of Eq. (4) can be 
determined experimentally. 

Tunnel diodes used for this analysis were con- 
structed on the same condition as the samples of 
the thermoelectric power measurements. The 


7 
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substrate was the n-type germanium doped with | 
phosphorous; indium dot containing 10% tin and | 


various amounts of gallium was alloyed at 580°C. 
The electrical properties were measured by curve 
tracer and series resistance of the tunnel junction 


was corrected by the measurement of reverse charac- | 


teristics. 


Fig. 1 shows the dependence of tunnel current on | 


the donor concentration in the substrate (curve A) 
and on the gallium concentration in the alloy metal 
(curve B,, B, and B;). Tunnel current peak was 
not observed for » lower than 0.1%. The value 


Scale A n=0.4 1.2 2.0 28 xl0'%c 
Scale B P= O 04 08 1.2 wt.%Ga 
Fig. 1. Dependence of tunnel current on the im- 


purity concentration. 


Table I. Comparison of the value of p*. 
p* (By) | 7.1X19'9/cc- % 

p* (Be) | 3.8 x 1019 

p* (Bs) | 4.41019 

p* (thermoelectric) | 6.6 x 1019 


of p* was determined from the data shown in Fig. 
1 and from Eq. (4). These were determined for 
three curves B,, Bz and B3. The results are listed 
in Table I together with the value determined by 
thermoelectric power measurements. 

The agreement between these is satisfactory con- 
sidering the crudeness of the analysis. The funda- 
mental assumption made in deriving Eq. (4) is Eq. 
(3) and this was justified by thermoelectric power 
measurements!), 

The author wishes to express his thanks to Mr. 
M. Tomono and Mr. T. Tokuyama for their kind 
advices. He is also indebted to Mr. Y. Ito for his 
assistance in the experiment. 
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Experiments on the Possible Existence 
of a Bound Di-Neutron 
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So far there has been no decisive evidence for 
the existence of di-neutrons. However, we have 
recently found some phenomena which support the 
possible existence of bound state di-neutrons. 

A tritium-titanium target was bombarded by a 
deuteron beam with energy in the range 160~185 
Kev and the target chamber was surrounded by a 
large paraffin block (86 cmx60cmx 60cm) or ordi- 
nary water in a tank in order to moderate the 
emitted neutrons. An “aluminium foil sandwiched 
plastic scintillator ”!) which was covered by cadmi- 
um plate of 1mm in thickness was arranged in the 
moderator 12.5~27.5cm apart from the target and 
exposed to the neutrons. After the irradiation, 
weak activities of the aluminium (99.99% purity) 
were counted by coupling the scintillator with two 
photomultipliers. New phenomena obtained in this 
way are as follows: 

1) The activities were found to have the half 
lives of 6.6+0.3 min and~18min. We will tempo- 
rarily attribute this to the effect of anomalous neu- 
trons.* 

2) Some of the cross sections for the anomalous 
neutrons are shown in the following table. The 
measurements were done by counting the 6.6 min 
activity with and without absorber elements or 
compounds which surrounded the sandwich detector. 
The results are quite anomalous, because, for 
instance, the cross sections for CH, (paraffin) and 
H.O should be nearly equal to each other in the 
case of ordinary neutrons (#7,>0.5 ev). 


Table. Cross section in barns. 


Fe | 


542 | 10-45 843 j2z2 


Sample| Al | c | P | 


Cross | | | 
Re con 0.50.2 944) 10+4 


Sn ‘CH; | H,0 


ite 
| 


3) The anomalous neutron flux was found to 
decrease more gradually in water in than paraffin, 
whereas the flux distributions of ordinary neutrons 
of various energies were nearly equal in both 
moderators. 

4) The anomalous neutrons were not detected 
in D+d neutrons (Ha=170 Kev). However, when 
a concave block of lead (l~3cm in thickness) was 


* This word may be inadequate, but it is used 
provisionally only for convenience of discussion. 
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placed closely around the tritium target chamber 
and irradiated by~14 Mev neutrons, an increase of 
the anomalous neutrons was observed*. Further- 
more there was no conclusive evidence that the 
anomalous neutrons were emitted from the moder- 
ator substances. 

The present experimental results would be diffi- 
cult to be attributed to the rare phenomena by 
ordinary neutrons which might be occasionally ob- 
served, but they can be consistently explained as 
follows, if we assume that the anomalous neutrons 
are di-neutrons (n?): 

1) The 6.6 min life is due to Al?9 from Al27(n2, 7) A129 
reaction. The~18min activity** will be ascribed 
to a new radioisotope or an unknown isomeric 
state. 

2) The difference in the di-neutron flux distribu- 
tions in paraffin and water can be explained at 
least qualitatively, if the cross sections of these 
elements are taken into account. 

3) The di-neutron binding energy is estimated as 
3.01 Mev>|n? binding energy| >2.90 Mev***, 
The lower limit is derived from our observation 
that the di-nentrons must be produced by T+d 
reaction at Ha=160 Kev, but the upper limit is 


based on the hypothesis by Feather?) that oe) 
decay occurs. Then the reaction D@, n?)2p should 
be energetically impossible at Hg=170 Kev, but 
Pb(m, 2) reaction is allowable by the incidence of 
~14 Mev neutrons. 

The yield ratio of the di-neutrons and ordinary 
neutrons from T+d reaction was estimated to be 
about 1% in the present experiment. This estima- 
tion was done by regarding the cross section for 
aluminium, 0.5b, as the activation cross section 
for the 6.6 min product. Therefore, the detection 
of recoil He? in T(d, n?)He® reaction would be very 
difficult. This is supported by the fact that the 
existence of di-neutrons has not been approved by 
such a recoil particle method?). 

In conformity with Feather’s suggestion, we have 
also used a Bi,O3 sandwiched scintillator to detect 
the di-neutrons, but the BigO3 showed no apprecia- 
ble activity under about 10 minute irradiation. In 
their pile neutron research Fenning and Holt*) 
found that no such a reaction as Bi+n? occured, 
but it may be necessary to pursue similar pile 
neutron experiment by other detecting apparatus 
in order to confirm whether di-neutrons exist or 
not. 


* Of course an increase of ordinary neutrons 
due to Pb(n, 2m) reaction was also observed by an- 
other detector. 

** A small contribution of Mg?? (71/2=10 min) 
from Al27(n, p)Mg?’ reaction may be included. 

*ek The nuclear masses concerned were quoted 
from Rev. Mod, Phys. 28 (1956) 103. 
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A minimum followed by a maximum have been 
observed in the low temperature electrical resistance 
of dilute alloys of the divalent metal magnesium 
with manganese!).2),.3), Muto, Tawara, Shibuya and 
Fukuroi‘) first observed a resistance minimum in 
a dilute alloy of zinc manganse. NHedgcock and 
Muir (to be published) have measured the electrical 
resistance of a series of zinc manganese alloys 
having compositions extending to near the limit of 
solid solubility of manganes in zinc. A minimum 
in electrical resistance was observed in all cases 
but no evidence of a maximum was found down to 
temperatures of 1.8°K. The present note reports 
the observation of a resistance minimum induced 
by manganese in the divalent solvent cadmium. 

The alloy was prepared by melting high purity 
cadmium (99.999% obtained from the New Jersey 
Zinc Co.) together with a small quantity of powdered 
high purity manganese (99.99% obtained from A. 
D. MacKay Inc.) in a quartz tube under a helium 
atmosphere. The melt was held at a temperature 
of 650°C for one hour, and agitated vigorously 
every 15 minutes. The alloy was quenched in ice 
water, the ingot cleaned by etching in 50% hydro- 
chloric acid solution and then given an homogenizing 
anneal in an evacuated pyrex tube at 300°K for 
24 hours. The ingot was then quenched in ice 
water and rolled into a thin strip suitable for 
resistance measurements. The resistance specimen 
was etched clean, sealed in an evacuated pyrex tube 
and given a strain relieving anneal at 300°C for 
24 hours. A pure cadmium resistance specimen 
was prepared in a similar manner except that the 
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strip was rolled directly from a cleaned piece of 


cadmium cut from the stock. The resistance ratio 
(Rz2/Re72) of the pure cadmium solvent was 2.5X 


10-4 while that of the dilute cadmium manganese | 


alloy was 23.2x10-4. 
Fig. 1 shows the resistance of the pure cadmium 
and the cadmium manganese alloy. It can be seen 


that a shallow minimum occurs in the cadmium man- 
ganese alloy at about 4.5°K. Unfortunately little | 
metallurgical information about the cadmium man- | 
Attempts to make a i} 


ganese system is available. 
cadmium manganese alloy containing a higher con- 
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Fig. 1. The relative resistance (R7/Ro73) of pure 
cadmium and a cadmium manganese alloy as 
a function of temperature. 


centration of manganese were unsuccessful. 

The author would like to thank Mr. E. E. Wal- 
lingford for help in making some of the resistance 
measurements and the Canadian Defense Research 
Board for financial support. 
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ec} Al~0.008 ot % Mn 


a ee 


-60 Mg ~0.04 ot % Mn 
aes 


It has been known for some time that manganese 

will induce low temperature resistance anomalies 
in the monovalent metals Cu, Ag and Au. Recent 
reports have indicated that manganese will induce 
a low temperature resistive anomaly in the divalent 
metals Mg!), Zn?) and Cd®) whereas no anomaly is 
observed in the low temperature resistive behavior 
of aluminum when a small quantity of manganese 
is dissolved’). MacDonald and Pearson‘) have 
shown experimentally that anomalously large nega- 


tive thermoelectric powers are associated with 
the resistance anomalies in copper. 


“140 


Bailyn5) in a 
recent theoretical paper on the electron transport 
properties of alloys containing magnetic impurities 
has pointed out that a thermoelectric power anomaly 
is a necessary but not a sufficient condition for 
the appearance of a resistive minimum in a dilute 
alloy. The purpose of the present letter is firstly 
to show qualitatively that the thermoelectric voltage 
in divalent metal alloys exhibiting low temperature 
resistance anomalies is the same as the monovalent 
metal alloys, and secondly that although the dilute 
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Fig. 1. Thermoelectric voltage of dilute Mg, Zn 
and Al alloys containing Mn. All of the thermo 
e.m.f. measurements were made relative to the 
pure solvent (99.99% pure). 


Table 1. Thermoelectric and resistive data of the Mg, Zn and Al alloys. 
| | | | | 
| Thermo Thermo 
| Rg. 0273°K/At. % Mn pV/°K at | ° 
Metal} At. % Mn| 42 5 | a e.m.f. at |e.m.f. at 100°K 
0.04 0.028 —2.47 — 65 — 465 
Mg Ol6re sl) 019% 3.540.5 B2ig —170 — 255 
i 0.015 0.040 " ‘ 5,20 177 : —7900 
zn 0.10 0.24 1540.2 — 4.85 —320 —2130 
0.005 0.014 ; ~0.20 oa — 45 — 1550 
Al 0.046 0.112 2.820-9 fen. 26 —110 — 410 


Al-Mn alloys do not show a resistive anomaly they 
do show a large negative thermoelectric voltage. 
The thermopower exhibited, however, by the Mg 


monovalent metal copper with small concentrations 
of paramagnetic impurity is that that thermo e.m.f. 


and Zn alloys in the region of the resistance 
anomaly is much greater than observed in the 
aluminum alloy in the equivalent temperature in- 
terval. 


The characteristic thermoelectric behavior of the 
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becomes negative and stays negative to relatively 
high temperature (~100°K). It can be seen in 
Fig. 1 that the thermoelectric voltage in the diva- 
lent metal alloys is also negative in all of the alloys 
studied. It will also be noticed that the thermo 
e.m.f. for the Al-Mn alloys, which does not show 
a resistive anomaly (at least down to temperatures 
of 1.8°K) is also large and negative. The fact that 
the magnetic properties of the dilute Al-Mn alloys 
indicates the formation of a d-band in these dilute 


2600 


alloys») is suggestive that the large anomalous 
thermoelectric power in dilute aluminum alloys is 
a result of the presence of such an overlapping 
band. 

The data shown in Table 1 illustrates that the 
thermopower of all of the alloys studied is approxi- 
mately independent of manganese concentration. 
This is in agreement with observations of Mac- 
Donald and Pearson‘) in the more concentrated 
copper base alloys. The thermopower of the 
aluminum manganese alloys is seen to be an order 
of magnitude smaller at 15°K than for the alloys 
which show a resistive anomaly. The thermo e.m.f. 
at higher temperatures, however, is the same order 
of magnitude for all of the alloys and would appear 
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to increase with the increasing atomic number of 
the solvent. It is intended to extend the present 
measurements to include absolute thermoelectric | 
measurements, in particular at temperatures below 
4.2°K, 
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Table I. Reciprocal reduced intensities C/J(@). 
Polystyrene F. 1-2 at 30°C in M.E.K. 
6 0.15% 0.09% | 0.05% 
sin? 6/2 | 
0.12 IL AMG eZ, 
0.20 1.61 32 1.08 
0.30 Ae 1.47 24 
0.40 1.82 5S oo 
0.50 1.97 70 Ay, 
0.60 2.05 1.79 1.59 
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